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General Introduction

Growing environmental issues, such as global warming and climate change, primarily triggered by fossil-based energy consumption, have long been recognized as an existential crisis to humanity.

The development of renewable and sustainable energy sources is a way to tackle the environmental crisis. As a result, great efforts have been made towards developing alternative energy sources during the last few decades, including hydroelectric energy, solar energy, wind energy, tidal power, geothermal energy, bioenergy, nuclear power, etc. In principle, these energy sources can be converted into electricity and then distributed over the grid. However, being intermittent by nature, renewable energies (e.g., sunlight, wind) need to be combined together with energy storage systems to ensure continuous and reliable delivery; this is where electrochemical energy storage devices (EES) have a crucial role to play. The most commonly used EES systems today are batteries and electrochemical capacitors (ECs, also known as supercapacitors). Batteries, one of the dominating EES devices in the energy market, can deliver a large amount of energy (> 200 Wh Kg -1 ) through faradaic reactions at electrode materials in contact with an electrolyte, usually along with chemical interconversions and phase changes. However, these faradaic reactions show sluggish kinetics, often combined with irreversible processes, leading to limited power performance and lifetime. 1 On the other hand, ECs store the charge at the electrode/electrolyte interface, via non-faradic physical ion adsorption/desorption process for electrical double-layer capacitors (EDLCs) or fast and nondiffusion limited faradaic reactions for pseudocapacitive materials. [2][3] These fast and highly reversible capacitive energy storage mechanisms of ECs lead to high power performance and long cycle life. 4 They are nowadays used in a broad range of applications where high power delivery or uptake is needed, such as energy harvesting. [5][6] However, the limited energy density (~10 Wh kg -1 for the best commercial devices) still hampers the development of this technology.

There is a great interest in developing active materials that simultaneously meet the needs of high energy (batteries) and high power density (supercapacitors). Pseudocapacitive materials shed light on this topic since they deliver higher capacitance compare to EDLCs through faradic reactions and higher rate performance compare to batteries owing to their capacitive energy storage mechanisms. 3 Numerous pseudocapacitive materials have been reported, such as metal oxides, conducting polymers, two dimensional (2D) sulfides, and metal carbides (MXenes).

In this thesis, we have extensively focused on the study of 2D Ti3C2Tx MXene material for electrochemical energy storage with two main objectives: i) improve our fundamental understanding Chapter I Bibliography

Electrochemical energy storage 1.1 Basic concepts of electrochemical energy storage (EES) systems

In modern society, rapid population and economic growth demand tremendous energy supply.

Among energy sources, fossil comprises around 80% of the world's main energy consumption in 2018, according to statistics released by the International Energy Agency. 1 The environmental crisis triggered by fossil consumption has established a crucial threat to human civilizations; therefore, there is an urgent need to reduce the dependence on fossil fuel and develop renewable and sustainable energy sources. Aside from energy sources, energy storage and distribution technologies also play critical roles in the energy supplement.

Electrochemical energy storage (EES) technologies allow efficient conversion of electrical and chemical energy since they share the same carrier, the electron. In principle, electrochemical systems normally undergo a more reversible process that offers direct conversion of chemical energy to electrical energy (ΔG), while combustion is limited by thermodynamic Carnot cycle considerations.

Consequently, the efficiency of storing electrical energy in EES is usually larger than that of fuel combustion systems. 2 With the rapid modernization, EES technology has become an indispensable part of our society. A schematic illustration of a typical EES cell is presented in Figure I-1. Typically, EES devices are composed of two electrodes, a separator, an electrolyte, current collectors and a casing. There are two working electrodes, namely negative and positive electrodes, which are made of different kinds of active materials, along with binders and conductive additives. Electrodes are usually placed on current collectors to flow electrons. An ionically conducting porous separator in-between the electrodes prevents direct electrical short circuits and provides channels to electrolytes. The casing protects the whole-cell stack.

The most commonly used EES systems can be classified into batteries, electrochemical capacitors (ECs, also called supercapacitors), and hybrid devices (HDs), depending on the charge storage mechanisms of the electrode active materials. Generally speaking, there are three main types of active materials used for EES devices, including battery-type materials, capacitive materials, and pseudocapacitive materials. 2 Battery-type materials store the energy through faradaic, redox reactions with electrolytes, usually along with chemical conversions and phase changes, providing high energy delivery/storage. 1 However, as dealing with the bulk of active materials, these batterytype faradaic reactions undergo sluggish kinetics and irreversible material processes, leading limited power performance and lifetime. 4 In contrast, capacitive materials store the charge at the electrode/electrolyte interface, via a charge separation by physical ion adsorption/desorption process, known as electrical double layer capacitance (EDLC). Ideally, EDLC is achieved by a non-faradic capacitive process, since no electrotransfer across the interface during the charge accumulations, resulting in a linear dependence of the stored charge and changing potential. These fast, surfaceconfined and highly reversible storage mechanisms make capacitive materials excellent candidates for high power supplement and long cycling life. However, the energy density of capacitive materials is often an order of magnitude smaller than battery-type materials. Pseudocapacitive materials involve fast, non-diffusion limited redox reactions confined at the surface of the electrode material, exhibiting similar electrochemical behaviors of capacitive electrodes. 2 Consequently, pseudocapacitive materials can charge/discharge much faster than these battery-type materials and exhibit higher energy compared to EDLC. 5 This kind of active materials offers opportunities to achieve higher energy and power performance in the same time. It is worth noting that there is no definitive boundary between battery-type and pseudocapacitive materials in some scenarios. For instance, LiCoO2 is a typical battery-type material and used as the cathode in battery device; however, nanosized LiCoO2 exhibited pseudocapacitive-like electrochemical signatures because of the presence of surface defects. 6 Indeed, several electrochemical features were proposed to distinguished the battery-type and capacitive processes, and this will be discussed in the following section.

Battery systems can be classified into primary (non-rechargeable) and secondary batteries (rechargeable). Primary batteries are one-time use EES devices since they cannot be recharged back after discharged. Many types of primary batteries are commercially used for a long period of time, including Leclanché zinc-MnO2, alkaline zinc-MnO2, Mg-AgCl, Mg-PbCl2, Li/SO2, Li/SOCl2, etc.

The main advantages of primary battery are high energy density, low self-discharge, usually inexpensive, and ease of use and maintenance. However, most of the primary batteries have high internal resistance, which significantly limits their power performance. 7 On the other hand, the secondary batteries, also called rechargeable batteries, can be discharged/charged for many times.

They usually have a higher discharge rate and good low-temperature performance compare to the primary battery, although with a lower energy density and higher cost issues. There are many types of commercialized rechargeable battery systems available today, such as Pb/acid, Ni/MH, Ni/Cd, Li-polymer, Zn/air, Li-ion, and Na-ion, etc. Significant developments have been made in the field of secondary battery during the last few decades, especially with the development of Li-ion batteries (LIB). The first LIB introduced to the market nearly 40 years ago, and the 2019 Nobel Prize in Chemistry was awarded to its inventors (S. Wittingham, J. Goodenough and A. Yoshino). Figure I-2a gives a schematic representation of the most commonly used LIB device using LiCoO2 or LiCoO2-based material as the positive electrode material and graphitic carbon as the negative electrode. During the charging/discharging processes, Li + ions are exchanged between two electrodes. LIBs can provide a high energy density up to 300 Wh kg -1 ; however, these devices suffer a relatively low power performance due to the diffusion limitation of Li + ions and phase change of the electrode materials. 8 Capacitive materials are utilized as active materials for ECs. Taking advantage of the kinetically-fast charge storage mechanisms, ECs capacitors can provide/deliver high power densities. 9 A schematic sketch of the EDL capacitor using activated carbon (AC) with a high specific surface area (SSA) as the working electrodes is presented in Figure I-2b. Commercial EDLC devices available today are mainly made of carbon-based materials, providing high power density and ultralong cycling life compared to batteries; however, the energy density (~10 Wh kg -1 for the best commercial devices) is still a limitation for the massive development of the technology.

Pseudocapacitive materials, firstly introduced by Conway in the 1970s, hold the promise to increase the energy density of EESs since a much higher capacitance can be obtained thanks to the faradic reactions in these materials. Figure I-2c shows a pseudocapacitor design composed of RuO2 electrodes in an acidic electrolyte. Redox reactions take place on the electrode outer surface during the charging/discharging process, with the absence of any diffusion limitations and phase change, resulting in a similar electrochemical signature to EDLCs. 2 Beside MnO2 and RuO2, many types of pseudocapacitive materials are reported in the last few decades, such as metal oxides (Nb2O5, MoO3, etc.), MXenes, transition metal dichalcogenides, etc. To date, the wide-spread commercialization of pseudocapacitors has not been realized yet due to some disadvantages, for instance, the cost issue of noble metal of RuO2, and the electrolytes for many reported pseudocapacitive materials are restricted to aqueous systems with a narrow operating voltage window.

Differently from batteries, ELDCs, and pseudocapacitors where both electrodes are based on a single type of charge storage mechanism, Hybrid Devices (HD) combine a battery-type electrode and a capacitive electrode. 10 The motivation of these HDs is to provide high energy thanks to the presence of the battery-type electrode and high power from the capacitive electrode. An example of HDs, also call hybrid capacitor (HC), is presented in Figure I-2d, where battery-type graphite serves as a negative electrode allowing Li + ion intercalation/deintercalation during cycling, while a capacitive AC is used as the positive electrode where electrostatic adsorption/desorption of PF6 -take place. Other kinds of systems are also reported for HDs, such as utilizing pseudocapacitive materials as the anode and Li-ion battery-type materials as the cathode. Recently, few HD products are commercially available, offering energy density around 20 Wh kg -1 , higher than these EDLCs. 11 However, more efforts still need regarding their power capability and cycling life.

In order to have a better understanding and assessment of EES systems, the next section focuses on the operating principles and evaluation metrics. Examples of different EES systems. Schematic representation of (a) a battery using battery-type materials, includes an anode of graphite and a cathode of LiCoO2, (b) EDLC using non-faradic capacitive activated carbon electrodes, (c) a pseudocapacitor with RuO2 electrodes, and (d) a hybrid system that comprises a capacitive activated carbon as the cathode and battery-type graphite as the anode. Adopted from ref. 10 

Principles and evaluations of EES systems

The two key characteristics of EES systems are energy and power, where the energy is associated with the discharge time of the EES device and the power is linked with the kinetics of the charging/discharging processes. For practical applications, specific energy density (energy per unit mass or volume) and specific power density (power per unit mass or volume) are two metrics used as a comparison among different EES devices. The Ragone plot presented in Figure I-3 illustrates the gravimetric energy density (in Wh kg -1 ) vs. power density (in W kg -1 ) in various leading EES technologies, such as ECs, Li-ion batteries, Na-ion batteries, lithium-titanate batteries (LTO), and solid-state batteries. 12 As previously mentioned, batteries can deliver high energy, up to hundreds of Wh kg -1 , thus explaining why this EES technology now dominates the market and will do so in a long period of time. 8 However, as shown in Figure I-3, the large time scale in the battery area means that these battery devices typically need hours to fully discharge, and the energy densities quickly fade away when increasing the discharging rate. Alternatively, ECs provide short-time (tens of seconds) energy delivery and harvesting where high power performance is needed, some ELDC-based devices can even fully charge/discharge within few seconds, thanks to the electrostatic charge storage mechanisms of their electrode materials. However, the poor energy density compares to batteries remain a double-edged sword of ECs devices. The rapid development of portable applications has demanded more requirements for EES devices. As a result, how to achieve high energy density and high power performance at the same time becomes the key goal for designing the next generation of EES technologies.

It should be noted that the specific energy and power densities presented in Figure I-3 are dealing with the EES devices, instead of the single working electrode. Other properties, such as capacity, operating voltage, internal resistance, cycling life, and cost, are also important evaluation characteristics. In order to accurately evaluate the merits of various EES devices, one should first understand the operating principles and performance characteristics of its working electrodes. Adopted from ref 13 .

Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) are two commonly used electrochemical techniques to investigate the electrochemical behaviors of EES systems. More details about these two techniques will be discussed in Chapter II. Figure I-4 shows schematic illustrations of the typical CV and GCD curves of a battery, a capacitive asymmetric supercapacitor, and a HD, including the signatures of negative (blue) and positive (red) electrodes as well as the whole device (black). 13 As shown in Figure I-4a, CV profiles with redox peaks for both anode and cathode can be seen in battery systems, as a typical feature of battery-type active materials. The black line gives the signature of the full device as a combination of both electrodes, indicating the operating voltage of the cell. This operating voltage of the battery can also be assessed from GCD curves in Figure I-4d. The potentials of charge/discharge plateaus in GCD curves are consistent with the redox peak positions in Figure I-4a. Note that the discharge voltage of a battery is determined by the intrinsic redox potential of cathode and anode. 14 In short, the redox peaks in CV profile and charge/discharge plateaus in GCD curves are the most noticeable electrochemical characteristics of battery systems. The amount of energy that can be provided by a battery is defined by the discharge The charge/discharge profiles of these three devices are compared in Figure I-5, the area under the discharge profile gives the energy level of each device. 9 For the discharge process of an ideal battery, the voltage falls quickly in the beginning and then shows a plateau where the current flows at a nearly constant voltage until the batty reaches the fully discharged state, where the voltage declines sharply to the end. In this case, the energy EBat. (Wh) of the battery device is given by: 𝐸 𝐵𝑎𝑡. = 𝑞 𝐵 𝑉 (I -1)

where qB is the full discharge capacity (A h), and V is the mean discharge voltage (V). The average power Pa (W) is associated with the energy delivered per unit time (h) and can be expressed as:

𝑃a = 𝐸 𝐵𝑎𝑡. 𝑡 𝐷 (I -2)
where tD is the discharge time.

For EDLC, the discharge voltage decreases linearly with the charge changes in the discharge process. Indeed, the capacitance (CEC, in F) of EDLC is defined as:

𝑉 = 𝑞 𝐶 𝐸𝐶 (I -3)
where q is the capacity (C) and V is the cell voltage (V). The energy EEC (Wh) is given by the equation. Since for an ideal EDLC, the mean discharge voltage is 𝑉 2

we end up with:

𝐸 𝐸𝐶 = 1 2 𝑞𝑉 (I -4)
Which can also be expressed using Eq. I-3, as:

𝐸 𝐸𝐶 = 1 2
𝐶 𝐸𝐶 𝑉 2 (I -5)

And the average power Pa (W) is similar to the express in battery systems, 𝑃a = 𝐸 𝐸𝐶 𝑡 𝐷 (I -6)

The maximum power Pmax (W) supply of the EDLC is given by:

𝑃 𝑚𝑎𝑥 = 𝑉 𝑚𝑎𝑥 2 4𝑅 𝑠 (I -7)
where Rs is the series resistance (Ω).

It should be noted that equation I-5 is only valid in the case of a linear discharge profile; therefore, it is inappropriate to calculate the energy density of HDs and some pseudocapacitors.

Instead, the integration of capacity and operating voltage window is preferred to calculated energy in these devices.

The demand for EES technologies will continue to grow, and one of the key challenges is how to uptake and deliver large amounts of energy in a fast manner, within minutes or even seconds. 16 Next section we will introduce the state-of-art EES systems with high power capability based on capacitive and pseudocapacitive materials.

Electrochemical energy storage based on capacitive and pseudocapacitive materials 2.1 Electrical double-layer capacitance (EDLC)

Origin of EDLC

The charge storage mechanisms of capacitive materials take advantage of the fast and highly reversible ion electrostatic adsorption/desorption process, resulting in high power performance and long cycling life. According to equation I-4, increasing the operating voltage window and/or cell capacitance can offer a direct way to improve the energy density which is the bottleneck of the ECs technologies. The cell voltage of EDLCs is limited by the electrochemical stability of the electrolyte, as well as the presence of impurities (surface groups) on the carbon electrode. The operating voltage in aqueous-based electrolytes being limited to about 1.2 V, because of water electrolysis, nonaqueous electrolytes are preferentially used since they can provide cell voltage beyond 3 V. [17][18] Basically, the capacitance of capacitive electrodes is controlled by the electrode/electrolyte interface, and the fundamental understanding of EDL formation is essential to design better capacitive electrodes.

The first electrical double layer (EDL) model proposed by Helmholtz 19 described the charge separation at the electrode/electrolyte interface, considering a planar electrode surface. In this model (Figure I-6a), the charges accumulated at the electrode surface are balanced by electrostatic adsorption from the electrolyte of a counterion monolayer, resulting in two layers of opposite charges at the interface. The Helmholtz layer capacitance can be therefore expressed as:

𝐶 𝐴 = 𝜀r𝜀o 𝑑 (I -8)
where εr is the relative dielectric constant of the electrolyte which is dimensionless, εo (8. 85 10 -12 F m -1 ) is the permittivity of the vacuum, d (m) is the average approaching distance of ions to the electrode surface, and A (m 2 ) is the accessible surface area of the electrode.

Areal capacitance (per cm² ) of the Helmholtz layer (CH) can be normalized by εr the electrolyte dielectric constant and d the thickness of the Helmholtz layer, both of them depending on the selected electrolytes. The Helmholtz model suggests a linear potential drop within the Helmholtz layer.

However, the surface excess charges of the electrode are unlikely to be entirely counterbalanced by the Helmholtz layer, especially in the case of low concentration solutions. 18 Also, the counterion layer from the electrolyte side cannot be formed as a single static compact layer due to the ion movement from thermal fluctuation. The Gouy-Chapman model [20][21] , as presented in Figure I-6b, includes a diffuse layer between the electrode and bulk electrolyte to take into account the thermal fluctuation according to the Poisson-Boltzmann equation. 2 The ion distribution of the diffuse layer highly depends on the distance since the electrostatic attractions decrease from the electrode surface to the electrolyte bulk. The average thickness of the diffuse layer (also called Debye length, λD) for monovalent electrolytes is defined as:

𝜆D = √ 𝜀r𝜀o𝑅𝑇 2(𝑧𝐹) 2 𝐶o (I -9)
where ε0 and εr are respectively the vacuum dielectric constant (in F m -1 ) and the relative permittivity of the electrolyte (dimensionless), R is the ideal gas constant ( J mol -1 ), T is the absolute temperature (K), F is the Faraday constant (C mol -1 ) and Co is the bulk electrolyte concentration (mol m -3 ).

Capacitance CD of the diffuse layer can be calculated from the Poisson-Boltzmann equation, leading to:

𝐶D = 𝜀r𝜀o 𝜆D 𝑐𝑜𝑠ℎ ( 𝑧𝐹ф 2𝑅𝑇 ) (I -10)
where ф is the electrical potential (in Volt); F, the Faraday constant (in C.mol -1 ); R, the ideal gas constant (in J mol -1 ); T, the temperature (in K); ε0 and εr, respectively the vacuum dielectric constant (in F m -1 ). According to equation I-10, the differential capacitance CD (in F cm -2 ) of the Gouy-Chapman model is then no longer constant. Instead, the model predicts a kind of "U" shape of the differential capacitance with the electrode potential, which is in accordance with the experimental results observed using NaF solutions in contact with Hg in low concentration solutions. 22 Also, the capacitances experimentally measured (few tens of μF cm -2 in aqueous electrolytes, for instance)

were far below those predicted from the model (few hundreds of μF cm -2 ). 23 

1 𝐶 𝐷𝐿 = 1 𝐶 𝐻 + 1 𝐶 𝐷 = 𝑥 𝐻 𝜀 0 𝜀 𝑟 + 𝜆 𝐷 𝜀 0 𝜀 𝑟 cosh ( 𝑧𝐹𝜙 2𝑅𝑇 ) (I -11)
where CH and CD are the capacitance of Stern (Helmholtz) layer and of the diffuse layer, respectively (both in F m -2 ). The total EDL capacitance is governed by the smallest capacitance between CH and CD. In highly concentrated electrolytes, the diffuse layer thickness (λD) drops to zero so that the Helmholtz capacitance (CH) is the only one to be considered. The Gouy-Chapman-Stern model was indeed a milestone that depicted a more realistic gross feature of EDL, which is close to some experimental observations. However, this model still suffers from some limitations. For instance, it does not take into account the effects of ion-ion correlation, which are important, especially in solvent-free ionic liquid systems. 18,25 Besides, some chemical interactions between the electrode surface and species from the electrolyte, also known as specific adsorption, may also impact the EDL formation. 23 Moreover, previous literature suggested that considering a linear potential drop within the compact layer was inappropriate in case of high electrode polarization in high concentration electrolytes. 18,26 However, the Gouy-Chapman-Stern model provided a constructive and predictive interpretation of EDL that had led the devolvement of the EDLC field over decades. d and e adopted from ref. 27 The EDL formation at planar electrodes in solvent-free ionic liquid electrolytes deviates from predictions of classical models based on dilute-solution approximation. 25 Unlike solvent-containing electrolytes, the absence of solvent molecules for screening the charge between cations and anions in ionic liquids results in strong ion-ion correlations. The orientations and rearrangements of nonspherical shaped ion chains triggered by the polarization and complex force fields make it even more difficult to depict the electrode/ionic liquid interface structure. 18 Kornyshev predicted the existence of differential capacitances-potential curve with bell-like and camel-like shapes based on mean-field theory 25 , which were further confirmed by experimental and simulation studies. [28][29][30][31][32] For potential below the potential of zero charge (PZC) range, an over-screening effect is proposed due to the ionion correlations (see Figure I-6d), leading to the formation of a first counterion layer with an excess charge compared to the electrode. For even larger polarization below PZC, a crowding effect is predicted at a higher voltage (vs. PZC), when the increased polarization suppresses the overscreening and leads to counterions approaching the inner layer (Figure I-6e). 25,27 On a flat electrode, the global view is now that EDL is formed by stacking of multilayers of ions, as evidenced from both experimental and modeling observations. 30,[32][33] Monolayered interfacial structures [34][35] and a controversial dilute electrolyte-like picture 36 also have been proposed. Using molecular dynamics simulation based on coarse-grained models, Kirchner et al. suggested a structural transition from multiple alternating layers of counter-and co-ions to a surface-frozen monolayer of counterions at certain charge densities. 37 According to the Gouy-Chapman-Stern model, the double layer capacitance (CDL) is proportional to the EDL surface area, which has been triggering tremendous efforts to increase the EDLC performance by increasing the SSA of carbon materials. Initial research on activated carbon was then directed towards increasing the pore volume by developing high SSA and refining the activation process. However, it was quickly established that the gravimetric capacitance of activated carbons was limited even for the most porous samples exhibiting a very high SSA. [38][39][40][41] As pointed out by Ruoff et al., the area-normalized capacitance of various porous carbon-based electrodes decreased to 4-5 μF cm -2 for SSA larger than 1500 m 2 g -1 . 42 Barbieri et al. has attributed this capacitance saturation at ultrahigh SSA to a space charge capacitance, which originating from a space charge gradient layer on the electrode side. 41 Additionally, the presence of micropores was considered to be mainly at the origin of the capacitance limitation. Specifically, the narrow subnanometer size micropores in porous carbons were believed too small in size to accommodate the electrolyte ions, which excluded any EDL contribution from these non-accessible pores; such ion sieving effect was previously suggested as another explanation. [43][44][45] As a result, no direct clear trend could be established between SSA and capacitance.

There was a long-held axiom stating that carbon pore size larger than the solvated ion size was needed so that pores could be accessible to the electrolyte ions. 39 In other words, porous carbon with a pore size smaller than the solvated electrolyte ions does not contribute to EDL capacitance and thus was considered useless. Taking into account the commonly used electrolytes, the sizes of bare ions and ions with solvation shells vary from few to tens of Å. For instance, the size of bare tetraethylammonium cation is around 0.68 nm, and its solvation shell in acetonitrile (ACN) increases the size of the solvated ion to 1.3 nm. Under this circumstance, large micropore and mesopore carbons were thought to be the most suitable candidates for allowing a high capacitance.

However, several groups reported high capacitance by using microporous carbons with subnanometer pores in various electrolyte systems. [46][START_REF] Raymundo-Pinero | Relationship between the nanoporous texture of activated carbons and their capacitance properties in different electrolytes[END_REF][START_REF] Eliad | Ion sieving effects in the electrical double layer of porous carbon electrodes: estimating effective ion size in electrolytic solutions[END_REF][START_REF] Eliad | On the mechanism of selective electroadsorption of protons in the pores of carbon molecular sieves[END_REF] Taking advantage of the tunable pore structure of CDCs, Chmiola et al. reported high gravimetric and volumetric capacitance for CDCs pore size below 1 nm. 46 The specific gravimetric capacitance normalized by BET SSA (C/SBET) obtained from Ar gas sorption (see Figure I-7a) revealed a capacitance increase for carbon pore size smaller than 1 nm. In addition, DFT SSA-normalized capacitance was also calculated and the same capacitance increase was obtained (Figure I-7b), which indicated that the underestimation of SSA of microporous carbons by the BET model was not the cause of the increasing trend of C/SBET. 46 Raymundo-Pinero et al. reported a similar capacitance increase trend using microporous ACs in both aqueous and non-aqueous electrolytes. They suggested that pore filling was more efficient for EDL formation when the pore size is around 0.7 nm in aqueous and 0.8 nm in organic electrolytes, respectively. [START_REF] Raymundo-Pinero | Relationship between the nanoporous texture of activated carbons and their capacitance properties in different electrolytes[END_REF] The EDL capacitance increase in sub-nanometer pores was defying the traditional views of ion adsorption and EDL formation in carbon electrodes. [START_REF] Miller | Electrochemical capacitors for energy management[END_REF] All the sets of results make this ion desolvation a universal phenomenon for virtually all nanoporous carbons because of the pore size dispersion and presence of ultranarrow (sub-nanometer) pores. [START_REF] Prehal | Quantification of ion confinement and desolvation in nanoporous carbon supercapacitors with modelling and in situ X-ray scattering[END_REF] However, because of the presence of the solvation shell that affects the effective ion size, it was not clear whether an optimum pore size could be achieved to maximize the capacitance. To this end, CDCs with various controlled pore sizes and PSD were characterized in the solvent-free electrolyte, ethyl-methylimidazolium-bis(trifluoromethane-sulfonyl)imide (EMITFSI). [START_REF] Largeot | Relation between the ion size and pore size for an electric double-layer capacitor[END_REF] Solventfree electrolytes rule out the solvation effect, and EMI + and TFSI -have similar ion sizes (0.79 and 0.76 nm in the longest dimension for TFSI and EMI ions, respectively). [START_REF] Chmiola | Desolvation of Ions in Subnanometer Pores and Its Effect on Capacitance and Double-Layer Theory[END_REF][START_REF] Largeot | Relation between the ion size and pore size for an electric double-layer capacitor[END_REF] Figure I-7d shows the change of the normalized capacitance of various CDC electrodes vs. pore size, in EMITFSI electrolyte. The same trend was also reported for the change of the specific gravimetric and volumetric capacitance vs. the carbon pore size. The capacitance reaches a maximum when the ion size is close to the carbon mean pore size. This result was a major finding since i) it shows that high capacitance could be achieved when ion was confined in pores of the same dimension, and ii) it evidences that the conventional way to describe the EDL formation using the Gouy-Chapman model in these confined nanopores was not anymore valid. This has led to an important work from both experimental and modeling point of view to explain this behavior. and 1D tubes (down) with counterions approaching the outer surface, respectively. Reproduced from ref [START_REF] Huang | Curvature effects in carbon nanomaterials: Exohedral versus endohedral supercapacitors[END_REF] .

EDL models based on a 2D planar electrode were insufficient to describe the EDL formation in carbon nanopores since these 2D models do not take into account curvature and porous effects.

Nanoporous carbons can exhibit various shape of pores, including endohedral (cylindrical, slit, and spherical) and exohedral pores between the carbon nanoparticles (CNTs, OLCs). [START_REF] Lu | Supercapacitors: materials, systems, and applications[END_REF] supercapacitors which include endohedral pore curvatures. [START_REF] Huang | A universal model for nanoporous carbon supercapacitors applicable to diverse pore regimes, carbon materials, and electrolytes[END_REF][START_REF] Huang | Theoretical model for nanoporous carbon supercapacitors[END_REF] They first considered a cylindrical mesopore shape, where the solvated ions could enter under polarization and approach the pore walls to form electric double-cylinder capacitors (EDCCs). Figure I-8a shows the schematic of the EDCC formed in a negatively charged mesopores, the corresponding double-cylinder capacitance being given by:

𝐶 = 2𝜋𝜀r𝜀o𝐿 ln(𝑏/𝑎) (I -12)
where L is the pore length, and b (nm) and a (nm) are the radii of the outer and inner cylinders, respectively.

The capacitance normalized by the surface area A is given as:

𝐶 𝐴 = 𝜀r𝜀o 𝑏ln [ 𝑏 𝑏 -𝑑 ] (I -13)
where d (nm) can be viewed as the distance between the center of counterions and the carbon walls.

When the pore size was reduced from mesopores to micropores, the limited space inside of micropores does not allow to form a double cylinder; instead, the electric wire-in-cylinder-capacitors (EWCCs) was proposed by Huang et al. when assuming a cylindrical micropore filled with solvated (or desolvated) counterions (Figure I-8b). The corresponding capacitance is given as:

𝐶 𝐴 = 𝜀r𝜀o 𝑏ln ( 𝑏 𝑎o ) (I -14)
where b (nm) is the micropore radius, and a0 (nm) the radius of the inner cylinder formed by the counterions. Note that both d from equation (I-13) and a0 from equation (I-14) is approximately independent of pore size; instead, their values are related to the effective size of the counterions. [START_REF] Huang | A universal model for nanoporous carbon supercapacitors applicable to diverse pore regimes, carbon materials, and electrolytes[END_REF] The EDCC/EWCC model can be further extended to porous carbons with bimodal porous distribution, which exhibit relatively narrow pore size distributions of micropores and mesopores (the contribution of macropores to the total SSA is neglected), the capacitance is given by: 𝐶 = 𝜀r,mirco𝜀o𝐴micro 𝑏microln(𝑏micro/𝑎o) + 𝜀r,meso𝜀o𝐴meso 𝑏mesoln [ 𝑏meso 𝑏meso -𝑑 ]

(I -15)

The EDCC/EWCC model was based on two assumptions, that i) the total charges of the carbon wall can be screened by the counterions inside of the cylinder pore and ii) the space charge capacitance of the carbon walls can be neglected owing to the high conductivity of carbon materials. [START_REF] Lu | Supercapacitors: materials, systems, and applications[END_REF] where a (nm) is the radius of the inner sphere/cylinder charge layer, related to the carbon particle size, and b (nm) is the radius of the outer sphere/cylinder charge layer, d (nm) is the effective doublelayer thickness; d being the difference between the outer and the inner diameter.

Reasonable prediction can then be made using these simple xEDCC and xEDSC models.

However, they consider the electrode charge to be entirely screened by a single layer of counterions on the carbon surface so that the electrolyte contribution to the EDL beyond the counterion single layer is negligible. This situation is unlikely to occur in solvent-free ionic liquid electrolytes where an overscreening effect arises due to the strong ion-ion correlations in such concentrated electrolyte 25 leading to the formation of extra layers of counterion/co-ions, and improved models were proposed. 60

Carbon materials for electrical double-layer capacitors

Currently, carbon materials are widely used as EDLCs electrode materials. First, extremely high specific surface area (beyond 2,000 m 2 g -1 ), as well as tunable average pore size and pore size distribution, can be achieved using various processes, including activation, carbonization, etc. [START_REF] Miller | Electrochemical capacitors for energy management[END_REF] Carbon materials also have excellent electrochemical stability in both aqueous and non-aqueous systems. The operating voltage windows of carbon-based EDLCs were usually limited by the decomposition potential of electrolytes instead of the carbon electrodes. Their electrical conductivity allows for a limited ohmic drop during electrochemical polarization. Finally, it can be prepared from low cost, abundant bio-sourced precursors using cheap processes. [START_REF] Zhang | Carbon-based materials as supercapacitor electrodes[END_REF] Various kinds of carbon materials with several dimensionalities can be used for EDLC Activated carbons (ACs) are amorphous porous carbons containing mainly sp 2 carbon atoms.

They are prepared from physical (thermal) and/or chemical activation of various types of natural or synthetic organic precursors. [START_REF] Zhang | Carbon-based materials as supercapacitor electrodes[END_REF] Thanks to their relatively good electrical properties and high SSA, and especially the low cost comparing to other carbon materials, ACs have been widely used as supercapacitors electrode materials. AC based supercapacitors show a long cycle life span (> 10 6 cycles), making ACs the best option as supercapacitor electrodes in commercial devices. The electrochemical performances of ACs based electrodes have been significantly improved during past years, exceeding 200 F g -1 in nonaqueous based electrolytes. 38,40,[START_REF] Wei | Hydrothermal carbonization of abundant renewable natural organic chemicals for highperformance supercapacitor electrodes[END_REF][START_REF] Wei | Polypyrrole-derived activated carbons for highperformance electrical doublelayer capacitors with ionic liquid electrolyte[END_REF] In aqueous electrolytes, ACs electrodes enable to deliver capacitance ranging from 100 to 300 F g -1 depending on the pore size distribution and surface chemistry; but the penalty is the low energy density associated with the limited voltage window. [START_REF] Peng | Promising activated carbons derived from waste tea-leaves and their application in high performance supercapacitors electrodes[END_REF] Carbide-derived carbons (CDCs) are model materials produced by selective etching of metals from various metal carbides. [START_REF] Gogotsi | Nanoporous carbide-derived carbon with tunable pore size[END_REF] CDCs offer the key advantage to fine-tune their pore size (below 2 nm) and pore size distribution by adjusting the synthesis parameters such as temperature and time; the carbon structures and particle size are defined by the carbide precursors. [START_REF] Simon | Capacitive energy storage in nanostructured carbonelectrolyte systems[END_REF] TiC-CDCs show a specific capacitance value of 160 F g -1 was reported in ionic liquid, as well as a high volumetric capacitance of 85 F cm -3 , higher than standard ACs at that time. [START_REF] Largeot | Relation between the ion size and pore size for an electric double-layer capacitor[END_REF] Later on, several approaches have been proposed to design CDCs with high EDL capacitance and high-rate performance, including reducing the CDC particle size [START_REF] Portet | Effect of carbon particle size on electrochemical performance of EDLC[END_REF] and adding mesopores. [START_REF] Korenblit | High-rate electrochemical capacitors based on ordered mesoporous silicon carbide-derived carbon[END_REF][START_REF] Rose | Hierarchical micro-and mesoporous carbide-derived carbon as a high-performance electrode material in supercapacitors[END_REF] Interestingly, CDCs have moved into real products since they are now used in commercial EDLCs. [START_REF] Chmiola | Effect of pore size and surface area of carbide derived carbons on specific capacitance[END_REF] Templated carbons (TCs) are obtained by templated-assisted carbonization of carbon precursors and subsequent removal of the templates. This approach leads to carbon materials with precise control of the pore size in the mesopore range, which is with great significance for electrode materials of supercapacitors. [START_REF] Nishihara | Templated Nanocarbons for Energy Storage[END_REF] Pore structures of TCs can be controlled by using two kinds of templates, namely hard template (such as zeolites, mesoporous silicas, and metal oxides) and soft template (such as metal-organic frameworks and block copolymer surfactants). [START_REF] Zhai | Carbon materials for chemical capacitive energy storage[END_REF] Numerous publications based on TCs have been published during the last decade, here we example a few.

Zeolite templated carbons (ZTC) produced by acetylene CVD can achieve high capacitance of 140 to 190 F g -1 (70 to 85 F cm -3 ) in the organic-based electrolytes. [START_REF] Nishihara | Investigation of the Ion Storage/Transfer Behavior in an Electrical Double-Layer Capacitor by Using Ordered Microporous Carbons as Model Materials[END_REF][START_REF] Itoi | Three-dimensionally arrayed and mutually connected 1.2-nm nanopores for high-performance electric double layer capacitor[END_REF] Such materials are interesting for conducting basic studies of ions transfer and adsorption in nanopores. However, the commercial development is limited by the cost of production.

Carbon onions, also called onion-like carbons (OLCs), are spherical or polyhedral carbon nanoparticles, consisting of concentric defective sp 2 -hybridized carbon multiple shells, with a small size around a few tens of nanometer. Since OLC particles are non-porous, they exhibit limited external SSA of 300-600 m 2 g -1 , together with high interparticle pore volume around 1 cm 3 g -1 . [START_REF] Zeiger | Understanding structure and porosity of nanodiamond-derived carbon onions[END_REF] The pore structure of OLCs electrode consists predominantly in meso-and macropores existing between the OLCs particles. However, being non-porous particles, the whole surface is highly accessible to electrolyte ions. As a result, OLCs-based electrodes can achieve limited capacitance of 50 F g -1 , [START_REF] Portet | Electrochemical performance of carbon onions, nanodiamonds, carbon black and multiwalled nanotubes in electrical double layer capacitors[END_REF][START_REF] Bushueva | Double layer supercapacitor properties of onion-like carbon materials[END_REF] with an excellent power ability due to high accessible external surface area. In summary,

OLCs are not good candidates to increase the capacitance of EDLC electrodes but can deliver high power. [START_REF] Pech | Ultrahigh-power micrometre-sized supercapacitors based on onion-like carbon[END_REF][START_REF] Lin | Capacitive energy storage from-50 to 100 C using an ionic liquid electrolyte[END_REF] Besides, OLCs with a particle size around 10 nm are also employed as conductive additives for the EDLCs. [START_REF] Jost | Carbon coated textiles for flexible energy storage[END_REF] Carbon nanotubes (CNTs) are large cylindrical carbon material consisting of a hexagonal arrangement of sp 2 hybridized carbon atoms, which are formed by rolling up a single sheet of graphene (single-walled carbon nanotubes, SWCNTs) or by rolling up multiple sheets of graphene (multiwalled carbon nanotubes, MWCNTs). [START_REF] Baughman | Carbon nanotubes--the route toward applications[END_REF] To date, the commonly used synthesis techniques for CNTs are arc discharge, laser ablation, and chemical vapor deposition (CVD). [START_REF] Yang | Carbon nanotube-and graphene-based nanomaterials and applications in high-voltage supercapacitor: A review[END_REF] SSA of CNTs ranges from 100 to 1000 m 2 g -1 . [START_REF] Peigney | Specific surface area of carbon nanotubes and bundles of carbon nanotubes[END_REF] Similar to OLCs, the external surface of CNTs can be used to form exohedral capacitors, leading to moderate capacitance below 100 F g -1 . [START_REF] Simon | Capacitive energy storage in nanostructured carbonelectrolyte systems[END_REF] However, the highly accessible external surface and excellent electric conductivity make CNTs suitable candidates for high power devices, [START_REF] Simon | Capacitive energy storage in nanostructured carbonelectrolyte systems[END_REF] even under extreme climatic conditions. [START_REF] Lin | Capacitive energy storage from-50 to 100 C using an ionic liquid electrolyte[END_REF] Graphene, one of the most studied two-dimensional material, can be synthesized by (1) "bottom-up" approaches, such as CVD, epitaxial growth and chemical synthesis, and (2) "top-down" methods, including the micromechanical and liquid-phase exfoliation of graphite and the reduction of graphene oxide (rGO). [START_REF] El-Kady | Graphene for batteries, supercapacitors and beyond[END_REF] A single graphene sheet has a high theoretical SSA of 2,630 m 2 g -1 and high intrinsic capacitance about 21 μF cm -2 . [START_REF] Bonaccorso | Graphene, related two-dimensional crystals, and hybrid systems for energy conversion and storage[END_REF][START_REF] Xia | Measurement of the quantum capacitance of graphene[END_REF] However, these excellent properties at single-layer graphene scale do not translate at a large macroscopic scale due to the restacking issue. [START_REF] El-Kady | Graphene for batteries, supercapacitors and beyond[END_REF] In order to enhance the performance of graphene-based EDLCs, extensive efforts have been made to address such restacking issue. One promising approach is to pre-insert molecules between the graphene layers or building 3D structures based on 2D rGO. [START_REF] Yang | Liquid-mediated dense integration of graphene materials for compact capacitive energy storage[END_REF][START_REF] Zhu | Carbon-based supercapacitors produced by activation of graphene[END_REF] For example, porous holey graphene (HGF) material showed an impressive capacitance beyond 200 F g -1 and high gravimetric and volumetric stack energy densities [START_REF] Xu | Holey graphene frameworks for highly efficient capacitive energy storage[END_REF] thanks to the creation of 3D ionic pathways; but the synthesis process has to be carefully controlled to prepare porous graphene with suitable structure and surface composition.

In summary, graphene and graphene-based materials show some interesting performance at the lab level, but the cost issue and the lack of techniques for industrial-scale high-quality graphene electrode production still hamper their commercial development. 

Pseudocapacitance and pseudocapacitive materials

As we outlined, EES based on battery-type materials usually exhibits high energy density with a limited power supply, while devices using capacitive materials can provide high power density but 

Development of Pseudocapacitance

A close look at the nomenclature of "pseudocapacitance" would be helpful in understanding this kind of active material. The term "pseudo" can be interpreted as "almost, approaching" or "looks like," meaning that the "pseudocapacitance" describes the properties of an electrode that exhibits a similar electrochemical signature of a capacitive electrode (EDLC, for instance) but lying on faradic redox reactions. [START_REF] Brousse | To be or not to be pseudocapacitive?[END_REF] Note that the key difference that distinguishes pseudocapacitive from capacitive is that the pseudocapacitive process involves charge transfer reactions while the capacitive process in the EDLC is supposed to be purely electrostatic. We will introduce a few seminal works that help define the pseudocapacitance in the following content.

The theoretical conceptualization of pseudocapacitance was first introduced by Conway et al.

to investigate the electrochemical surface adsorption reactions involving rapid charge transfer in the early1960s. 2 The capacitance of the electrochemical adsorption/desorption process of H atoms on Pt surface was then interpreted as pseudocapacitance, originated from the reaction:

Pt + H + + e -↔ Pt-Hads (I-18)

By assuming a random distribution of H adsorption on the Pt surface which following the Langmuir adsorption isotherm, the Nernst relationship of I-18 can be given as a function of the fractional surface coverage (θ) 6 :

𝐸 = 𝐸 𝑜 + 𝑅𝑇 𝐹 𝑙𝑛 ( 1 𝑘 𝑅 𝐶 𝐻 𝜃 1 -𝜃 ) (I -19)
where E and E o is respectively the equilibrium and standard potential (V) of the redox reaction, R is the ideal gas constant ( J mol -1 ), T is the temperature (K), F is the Faraday constant (C mol -1 ), kR is the reaction rate constant, and CH is the concentration of H + in the electrolytes (mol L -1 ). If we assume the charge q corresponding to a complete monolayer coverage of H, the pseudocapacitance CФ then is defined by 6 : 

𝐶 Ф = 𝑞 𝑑𝜃 𝑑𝑉 = 𝑞𝐹 𝑅𝑇 𝜃(1 -𝜃) (I -
RuO2 + xH + + xe -↔ RuO2-x(OH)x (I-21)
The unique electrochemical signature of the RuO2 electrode was interpreted as a pseudocapacitive process. The follow-up works further enhanced the electrochemical performance of the RuO2 electrode by control the structural water, leading to a high capacitance value of 700 F g -1 in a voltage window of 1 V (corresponding to a capacity of 200 mAh g -1 ), way exceeding the EDLC performance based on carbon materials. [START_REF] Zheng | Hydrous ruthenium oxide as an electrode material for electrochemical capacitors[END_REF] Although the high-cost issue hindered the marketing efforts of RuO2 

)
where i is the current (mA) and v is the scan rate (mV s -1 ). In battery-type materials, the electrochemical kinetics are usually limited by solid-state ion diffusion (Li + , for instance) and phase transformations. However, these two features are not present in the case of surface adsorption and redox pseudocapacitance, since the electrochemical pseudocapacitive process takes place on the surface or near-surface. However, for some transition metal oxides, the intercalation of Li + does not always result in a phase transition of the host materials, and this process is not necessarily limited by solid-state diffusion. Zukalová et al. tested a phasepure Ti2O(B) with microfibrous morphology in Li-ion contained organic electrolyte, reporting that Ti2O(B) phase can provide parallel channels for high rate Li + intercalation with the absence of diffusion-limitation in a certain time scale (~10 min), claiming a pseudocapacitive process. [START_REF] Zukalová | Pseudocapacitive lithium storage in TiO2 (B)[END_REF] In this case, non-rectangle shaped CV curves with sharp redox peaks were observed, which were different from the CV profiles of conventional surface pseudocapacitive materials. Nevertheless, this work suggested that the charge can be stored through a pseudocapacitive Li + intercalation/deintercalation process in nonaqueous electrolytes. Later, the intercalation pseudocapacitance raised from Li + intercalation was also reported by Dunn et al. using a mesoporous film electrode made of isooriented α-MoO3 material. [START_REF] Brezesinski | Ordered mesoporous α-MoO 3 with iso-oriented nanocrystalline walls for thin-film pseudocapacitors[END_REF] The layer structure of α-MoO3 allows a rapid Li + insertion into the van der Waals gaps, resulting in a high level of pseudocapacitive charge storage. A similar intercalation pseudocapacitance was also achieved in T-Nb2O5 material with an orthorhombic phase, where a capacity up to 124 mAh g -1 was obtained with a charging time of 3 minutes in a Li-ion contained organic electrolyte. [START_REF] Brezesinski | Pseudocapacitive contributions to charge storage in highly ordered mesoporous group V transition metal oxides with iso-oriented layered nanocrystalline domains[END_REF] The CV profiles of the T-Nb2O5 film electrode were presented in In addition to the aforementioned pseudocapacitive processes, several conventional batterytype materials also exhibit capacitive-like electrochemical signatures when these materials were nanostructured. 16 A typical example was the nanosized LiCoO2 materials. 101 Bulk LiCoO2 is one of the first reported cathode materials for batteries, its electrochemical process was limited by a solidstate diffusion of Li + , with a discharge voltage plateau around 3.9 V (vs. Li + /Li). When the particle size was reduced to less than 20 nm, the diffusion length of Li + was significantly shortened, leading to a short ion diffusion time. And nanostructured particles can exposure a large fraction of the active sites at the interface of electrode/electrolytes. As a result, the LiCoO2 with a particle size of 6 nm displayed a nearly linear discharge GCD curve, which as we pointed out above, a typical capacitive electrochemical signature. 101 Following this kind of size-dependent discharge behavior, a concept of "extrinsic" and "intrinsic" pseudocapacitance was proposed by Simon et al. 16,100 As presented in During the last decade, a significantly growing number of studies have been reported in the pseudocapacitive filed. However, some of these materials were misinterpreted as "pseudocapacitive" materials because they exhibited electrochemical signatures that belong to battery-type materials, leading to unrealistic and meaningless high capacitance values. [START_REF] Brousse | To be or not to be pseudocapacitive?[END_REF] Indeed, it is very important to distinguish pseudocapacitive behavior from battery-type behavior. We have mentioned above in section 1 the general electrochemical signatures of CV and GCD curves that belong to pseudocapacitive materials. In addition, electrochemical techniques can also help to understand the pseudocapacitive process. For instance, there is a power-law relationship can be used to kinetically analyze whether the electrochemical process is limited by semi-infinite solid-state diffusion from CV experiment 103 :

𝑖 = 𝑎𝑣 𝑏 (I -24)
where v is the scan rate and i is responding current, a and b are adjustable parameters. The b value is also called the power-law exponent and can be calculated from i-v relationships over a range of scan rates:

𝑙𝑜𝑔𝑖 = 𝑙𝑜𝑔𝑎 + 𝑏𝑙𝑜𝑔𝑣 (I -25)
This b-value can be used as a useful tool to estimate whether the electrochemical process of a given electrode is governed by semi-infinite solid-state diffusion, particularly in the case of these CV curves with noticeable peaks. When b=1, meaning that there is no diffusion limitation of the electrochemical process, refers to a non-faradic capacitive process and/or a faradic pseudocapacitive process. 5 For a semi-infinite solid-state diffusion electrochemical process in battery electrode, the relationship of the peak current ip and scan rate v follows the Randles-Sevcik equation:

𝑖 𝑝 = 0.4463𝑛𝐹𝐴𝑐𝐷 1 2 ⁄ 𝑣 1 2 ⁄ ( 𝛼𝑛𝐹 𝑅𝑇 ) 1 2 ⁄ (I -26)
where A and c are respectively the surface area and concentration of the electrode material, D is the chemical diffusion coefficient. In this case, ip is proportional to the square root of scan root, where b=0.5, corresponding to a diffusion limitation process. When the b-value is in the range of 0.5 to 1, the charge storage mechanism can be interpreted as either mixed of diffusion and capacitive process or a finite-length diffusion. 6,[104][105] There are several electrochemical techniques to help define the pseudocapacitive charge storage, more details will be presented in Chapter IV.

In summary, few decades after the first concept of pseudocapacitance pioneered by Conway, the pseudocapacitive materials filed have been broadened to a wide range of charge storage mechanisms, including adsorption, surface redox, and intercalation pseudocapacitance domains. The concept of extrinsic and intrinsic pseudocapacitance was also proposed to better define the pseudocapacitive filed. In the following section, we will briefly introduce various pseudocapacitive materials and their electrochemical performances.

Pseudocapacitive materials

Many pseudocapacitive materials have been reported in the last decade, aiming at increasing the energy density of EDLCs without compromising the power performances. One of the strategies is the modification of carbon surface to add a pseudocapacitive contribution to the root of EDLC (for more details, see reviews [START_REF] Zhai | Carbon materials for chemical capacitive energy storage[END_REF][106][107] ) , we will focus here onto pseudocapacitive electrode materials, such as metal oxides, transition metal oxides, and recently emerged two-dimensional (2D) materials.

Hydrous transition metal oxides have been extensively investigated for their pseudocapacitive properties in aqueous systems. As mentioned earlier, RuO2• xH2O was one of the first reported and then well-studied pseudocapacitive electrode materials. In early studies, the surface redox pseudocapacitance of the RuO2 electrode was considered to be dependent on its surface area. 108 Further studies demonstrated that the structural water of RuO2 can provide fast ion transport for protons, thus beneficial to pseudocapacitance in acidic electrolytes. [109][110] High gravimetric capacitance of 850 F g -1 was obtained over a 0.6 V operation window (corresponding to a capacity of 142 mAh g -1 ) in RuO2• 0.58 H2O. 110 In addition, the metallic conductivity of the rutile phase RuO2 makes the RuO2 electrode a promising candidate for high rate pseudocapacitors. Unfortunately, the high-cost issue impedes the development of their further commercial applications.

Since the first report by Goodenough, [START_REF] Lee | Supercapacitor behavior with KCl electrolyte[END_REF] MnO2 material has emerged as an appealing alternative pseudocapacitive electrode to RuO2, due to its attractive properties, such as low cost, abundance, and high theoretical capacitance. 111 In aqueous electrolytes, the MnO2 electrode store the charge through pseudocapacitive redox reactions involving surface adsorbed and/or intercalated cations (H + , Li + , Na + , and K + ), 112 accompanied by the change of oxidation state between Mn 3+ and Mn 4+ :

MnO2 + xM + + xe -↔ MxMnO2 (I-27)
Theoretically, a high capacity of 308 mAh g -1 over a 0.9 V voltage window can be obtained for a one-electron redox reaction. 5 It was demonstrated that the crystal structure of MnO2 have a significant impact on its electronic conductivity and ionic diffusivity, determining the pseudocapacitive performance. [113][114] Although a MnO2 thin electrode can deliver a high capacity of up to 263 mAh g -1 , the performances drop sharply when increasing the electrode thickness due to the low electronic conductivity nature of MnO2. 5 More efforts are thus needed to improve the poor electronic conductivity of MnO2 material in order to fully achieve its theoretical capacitance in high loading mass electrodes.

Metal oxides with a spinel crystal structure, such as Mn3O4, 115 Fe3O4, 116 NiCo2O4, 117 have also been investigated as potential interesting pseudocapacitive electrodes for EES because of their relatively low cost, environmental compatibility, and high theoretical capacity. For example, NiCo2O4 aerogel electrode prepared from a low-cost epoxide-driven sol-gel process showed a high capacitance of 1400 F g -1 over a 0.56 V voltage window (corresponding to 218 mAh g -1 ) at a scan rate of 25 mV s -1 , 118 highlighting the potential of these spinel-type metal oxides. One should note that materials such as Co-or Ni-oxide based exhibit electrochemical signatures mixing a combination of pseudocapacitive and battery-type behaviors due to the phase changes during the charge/discharge process, 16,[118][119] and cannot be considered as pseudocapacitive materials. A carefully electrochemical kinetics analysis has then to be achieved to clearly distinguish them from pseudocapacitive materials. A typical example is Ni(OH)2, where a super-high but rather meaningless specific capacitance value of 3000 F g -1 can be obtained at the potential region with the clear presence of battery-type discharging plateau. 120 Those unrealistic numbers simply originate from the presence of sharp redox peaks due to redox reaction with phase change and diffusion limitations. [START_REF] Brousse | To be or not to be pseudocapacitive?[END_REF]121 Recently, layered structural materials are receiving more attention for pseudocapacitive energy storage because of they allow revisable ion intercalations without any phase changes, enabling excellent volumetric electrochemical performances. 6 Taking hydrated tungsten oxide WO3• 2H2O as an example, a high capacitance of 400 mF cm -2 (360 mC cm -2 ) was reported in the acidic electrolyte with a short charge/discharge time of 5 s. 122 Further work demonstrated that the confined structural water in-between WoO3 layers provide a pathway for highly reversible and rapid proton intercalation, together with the high electronic conductivity, makes WO3• xH2O material a promising pseudocapacitive electrode that can perform at sub-seconds time range. 123 In addition to the aforementioned redox pseudocapacitive materials that involve cation intercalations, pseudocapacitive-based charge storage can also be achieved through anion intercalation in perovskite materials. One of the first anion-based intercalation pseudocapacitances was reported in nanostructured lanthanum-based perovskite LaMnO3, where a high capacitance of 600 F g -1 over a 1.2 V potential window (corresponding to 200 mAh g -1 ) was achieved through a mechanism of oxygen-vacancy-mediated redox pseudocapacitance involving the oxidation state change of Mn. 124 A number of perovskite materials, such as SrCo0.9Nb0.1O3-x and PrBaMn2O6-x, are among the recent studies that exhibit pseudocapacitive charge storage based on anion intercalations in aqueous systems. [125][126] As outlined above, numerous materials used as pseudocapacitive electrode were reported in aqueous systems during the last two decades, with high capacitance values, excellent rate capability, and stability; however, as indicated in equation I-4, the energy densities were significantly limited by the narrow voltage window (around 1 V) due to the electrolysis of water that hampers the industrial applications of the technology. 12 Nevertheless, these studies helped define the field of pseudocapacitance, enabling a broader and depth understanding of pseudocapacitive charge storage mechanisms. On the other hand, non-aqueous electrolytes typically allow a wide operation voltage window (> 2 V), offer much higher energy density compares to aqueous systems. The above mentioned pseudocapacitive hydrated materials in aqueous systems, e.g., RuO2• xH2O and MnO2• xH2O, usually are inactive in non-aqueous electrolytes since the structural water is no longer beneficial to the ion-conducting properties. 16 Generally speaking, pseudocapacitive materials store the charge through cation (such as Li + ) intercalation in non-aqueous systems, taking advantage of the high diffusion coefficients and minimum structural changes. 6 The unique and complex lithiation/delithiation behavior of monoclinic bronze titanium dioxide (TiO2(B)) has been widely studied for their high capacity and high-rate capability. 127 The initial lithiation process of TiO2(B) can be given:

TiO2(B) + xLi + + xe -↔ LixTiO2(B) (I-29)
A simulation study suggested that TiO2(B) material is capable of accommodating Li + with a Li/Ti ratio range from 0 to 1.25, leading to a high theoretical capacity of 419 mAh g -1 when considered a formation of Li1.25TiO2(B). 128 However, an experimental capacity of 335 mAh g -1 was obtained in a potential range of 1 to 3 V, corresponding to one Li-ion intercalation. 126 Manufacturing the morphology of TiO2(B) could lead to high-rate performance; for instance, a specific capacity of 160 mAh -1 can be delivered with a discharge time of 2 minutes. 129 Although the fast Li-ion intercalation in TiO2(B) makes it attractive for high power devices, the poor electronic conductivity restricts TiO2(B) materials incorporation into EES designs. 5 As mentioned above, T-Nb2O5 was reported as another seminal pseudocapacitive material with Li-ion intercalation which is not limited by semi-infinite diffusion. [START_REF] Brezesinski | Pseudocapacitive contributions to charge storage in highly ordered mesoporous group V transition metal oxides with iso-oriented layered nanocrystalline domains[END_REF] The lithiation/delithiation process of T-Nb2O5 electrode in Li-contained non-aqueous electrolyte is given as: 

Nb2O5 + xLi + + xe -↔

Advances in MXene chemistry

Differently from the well-known 2D graphene or other 2D materials that can be stacked and held together due to van der Waals interactions, allowing them to be easily exfoliated from their corresponding precursors, the chemical bonds between the Mn+1Xn layer and A element layer of MAX phases are much stronger, resulting in difficulties for preparing MXenes via mechanical exfoliation. However, the bonding of M-X atoms is much stronger than that of the M-A atoms, 145 enabling the possibility of selective removal of the A element with specific chemical etchants. In 2011, Gogotsi, Barsoum, and colleagues first reported the synthesis of Ti3C2Tx (the first MXene)

prepared by selective etching of Al-layers from the Ti3AlC2 MAX phase precursor immersed in HF solution. 146 Later, alternative acidic solutions were proposed as etching baths, such as a mixture of hydrochloric acid (HCl) with lithium fluoride (LiF), 147 Most MXenes exhibit a metal-like conductivity, some semi-metallic or semiconducting

MXenes have also been identified, depending on the nature of M elements and the surface terminations. 161 Ti3C2Tx spin-cast MXene films exhibit a high conductivity of about 10 4 S cm -1 . 164 Another key feature making MXenes attractive candidates for EC electrodes is their unique 2D structure with open accordion-like morphology and high specific surface area, which allows for fast charge transport and high surface charge accumulation.

MXenes as electrode materials for electrochemical capacitor applications in aqueous electrolytes

Unsurprisingly, the first discovered MXene, Ti3C2Tx, is to date the most studied. In 2013,

Gogotsi and colleagues reported successful accommodation of a large variety of cations, including

Li + , Na + , K + , NH4 + , Mg 2+ , and Al 3+ in a Ti3C2Tx MXene electrode, from neutral or alkaline aqueous electrolytes. A volumetric capacitance exceeding 300 F cm -3 was achieved, corresponding to about 3-times that of conventional porous carbons. 165 The symmetric and rectangular-shaped voltammograms observed in various alkaline and neutral electrolytes ( MXene oxidation at higher anodic potentials. As a result, despite high specific capacitance performance, the maximum energy density E still falls short.

MXenes as high-rate electrodes in non-aqueous electrolytes

A direct approach to broaden the cell voltage is to move from aqueous to non-aqueous electrolytes. Generally, non-aqueous electrolytes, including organic and ionic liquid electrolytes are stable within a potential window up to 3 V (or higher). Conventional organic electrolytes for ECs consist of acetonitrile (ACN) or propylene carbonate (PC) as solvents and conducting salts (e.g., Et4N-BF4, Pyr-FSI, EMI-TFSI, EMI-BF4, and Li-TFSI). In the past years, mixtures of carbonates in combination with lithium or sodium salts typically used as electrolytes in lithium-or sodium-ion batteries have been proposed as electrolytes for ECs as well.

In conventional non-aqueous electrolytes

Early efforts devoted to the investigations of MXenes in conventional non-aqueous electrolytes failed short to achieve a significant extension of the potential window. [170][171][172] In 2015, Dall'Agnese . 170 MSCs could achieve a cell voltage of 3 V, together with volumetric and areal energy density among the highest values reported for MSCs (43.7 mWh cm -3 and 13.9 µWh cm -2 , respectively).

To summarize, limited attention has been focused on MXene-based ECs in conventional organic or ionic liquid electrolytes, which have the potential to change the game because of the large voltage windows associated with non-aqueous electrolytes. Although larger potential windows up to 3 V can be obtained, the specific capacitance is still so far well below to those achieved in aqueous electrolytes. One of the reasons is that the ion size in aqueous electrolytes (H + , for instance) is usually smaller than these ions in non-aqueous systems (EMI + , for instance), making ion intercalation/deintercalation easier in aqueous electrolytes. Another possible explanation is the restacking of the MXene flakes, resulting in narrower interlayer spacing and consecutive limited cation/anion access to the interlayer space between the MXene sheets. Fine-tuning the interlayer spacing or designing a specific electrode structure adapted to the electrolyte may appear as effective routes to enhance the performance in these electrolytes. Another promising strategy is to unlock the redox activity of MXenes in non-aqueous electrolytes as observed in aqueous acidic electrolytes.

In metal ion-containing organic electrolytes

As ) occurs within the full potential window, that is from 0.05 V up to 3 V vs. Li + /Li, and is achieved in a sequential way through several steps. 182 The CV shows two different sets of peaks visible at 2.53 V / 2.45 V vs. Li + /Li and 1.00 V / 0.97 V vs.

Li + /Li. In another paper, Kajiyama et al. reported the electrochemical behavior of Ti2CTx MXene, prepared by etching the Ti2AlC MAX phase in LiF+HCl mixture, noted as HF-Ti2CTx. 183 The CV (see Figure I-18b) shows similar key features observed for MXene prepared from F-containing electrolyte, that are i) a set of redox peaks at high and low potential, ii) an important polarization on charge at low potential, and iii) a Li + intercalation reaction occurring within a large potential window that hampers its use as the negative electrode in the energy storage device.

According to the previous study, 182 where combined electrochemical tests and in situ XRD study were achieved, the set of redox peaks at high potential corresponds to Li-ion intercalation into large interlayer spaces, while the peaks at low potential correspond to Li-ion intercalation in small interlayer spaces. However, the large operating potential window for a negative electrode together with the high irreversible capacity at the first cycle drastically has so far limited the interest of these HF-MXene materials in Li-ion battery applications. Additionally, and as mentioned before and similarly to most of Li-ion intercalation battery materials, the power capability of this HF-Ti2CTx electrode was poor with a maximum of 8C rate, with 50% capacity loss between 1C and 8C rate.

MXenes have also been studied as a positive electrode for sodium-ion intercalation reaction. penetration, which further act as pillars to stabilize the structure. 187 Porous MXene electrodes were also developed to accelerate ion transport in organic electrolytes. [188][189][190] To summarize, similar to Liion, Na-ion intercalation in MXene electrodes is mainly achieved within a broad operating potential window is a concern for further use in Na-ion battery applications. Li ions were intercalated between the MXene layers in PC-based electrolytes, leading to an excellent electrochemical performance with 80 mAh g -1 delivered at charge/discharge rates of 1,000 C. On the other hand, the co-intercalation of solvent molecules was evidenced together with Li + ions in DMSO and can-based electrolytes, due to the strong interactions between DMSO/ACN solvent molecules and Li + ions; this explains the limited electrochemical performance in these two electrolytes. This study provides a rationale route by considering solvents as an effective strategy to improve the pseudocapacitive performance of MXene electrodes as well as other electrodes.

Objectives of the thesis

As mentioned above, previous works evidenced that 2D MXene materials can serve as promising candidates for high rate performance electrodes in electrochemical energy storage applications. The main objective of this thesis was to better understand the charge storage mechanisms of Ti3C2Tx MXene in both aqueous and nonaqueous systems, to explore the key components that determined the electrochemical reactions; thus, to help design a better MXene electrode to design the next generation of materials for high energy, high rate energy storage devices.

The goals are: a) To understand the charge storage mechanism of Ti3C2Tx MXene materials prepared by using aqueous HF-containing etching route. The electrochemical kinetic study of Ti3C2Tx MXene electrodes will be performed in various aqueous electrolytes. It has been suggested that the termination groups have an impact on the electrochemical performance, we will further explore the charge storage mechanism of Ti3C2Tx electrodes in the H2SO4 electrolyte where the record high volumetric capacitances were reported.

b) The conventional synthesized method resulted in F-terminated MXenes. In our project, we will be dedicated to finding new synthesis routes / strategies to prepare MXene materials with tunable surface chemistry. We will further characterize the electrochemical properties of these newly-prepared Ti3C2Tx MXene materials in non-aqueous electrolyte.

Chapter II Experimental procedures

Introduction

In this chapter, the used chemicals for the thesis will be described. The material characterization techniques will be listed. Especially, we will introduce the typical electrochemical techniques and principles for electrochemical capacitors (ECs), as well as the cell configurations. The synthesizing process of MXene materials will be introduced later in each result chapter.

Research chemicals 2.1 Chemicals for the preparation of MXenes

In this thesis, two kinds of synthesizing routes were used to prepare MXene materials, including the aqueous solution etching method in Chapter III and IV, and the molten salt etching method in Chapter V. The chemicals are summarized in Table II-1. 

Chemicals and materials for electrochemical tests

In Chapters III and IV, the electrochemical tests were performed in aqueous systems. The counter electrode was made of activated porous carbon (YP50F, Kuraray Chemical Co. Ltd.) mixed with a binder of polytetrafluoroethylene (PTFE, Fuel Cell Earth LLC). The separator is one piece of glass microfiber filters (GF/A, Whatman.). MXene working electrodes were prepared by a vacuum filtration method (see Figure II-1), using Celgard 3501 membrane (Celgard). Various electrolytes were used for the electrochemical tests, including 1 M and 3 M sulfuric acid (H2SO4, Sigma-Aldrich, ACS reagent), 1 M potassium hydroxide (KOH, Sigma-Aldrich, ACS reagent), saturated potassium sulfate (K2SO4, Sigma-Aldrich, 99% purity). In Chapter V, the electrochemical evaluations were done in organic electrolytes, namely 1 M lithiumhexafluorophosphate in ethylenecarbonate:dimethylcarbonate (1:1 in volume) (LP30, Solvionic) and aqueous electrolytes, 3 M H2SO4. The working electrode was made of MXene powders mixed with acetylene carbon black (Alfa Aesar, 99.9+% purity) and PTFE, with a weight ratio of 80:15:05. For the test in LP30, the counter electrode was lithium foil (Li, Sigma-Aldrich, 99.9+% purity). Cellulose membrane (TF4425, NKK) with a thickness of 25 μm was used as separators. In the test of 3 M H2SO4, the same chemicals and devices used in Chapter III were also used in Chapter V.

Material characterization techniques

Numerous material characterization techniques were used in this thesis, including X-ray 

Cell configurations

Two types of cell setups, 3-electrodes and 2-electrodes Swagelok cell, were used in the common electrochemical studies in this thesis. One can see one of the key differences between 3-electrodes and 2-electrodes cells is that there is an external reference electrode in 3-electrodes systems. This reference electrode normally has a stable (or quasi-stable, i.e., Ag wire) and measurable electrochemical potential, thus can be used to monitor and control the potential of the working electrode. The 3-electrodes cell is a typical halfcell that used to study the electrochemical properties of the working electrode, such as electrochemical stability, capacity, capacitance, electrochemical kinetics. On the other hand, as seen from the commercial cells, the 2-electrodes cell normally serves as full-cell, providing electrochemical information of the whole systems that contain both two electrodes, allowing the evaluations of a full electrochemical energy storage (EES) system. Moreover, 2-electrodes cells can also use as half-cell to study the electrochemical properties of the working electrode. For instance, when a 2-electrodes cell setup deployed in the battery material research field, over-capacity Li foil is commonly used as a counter electrode and its potential will barely change during the electrochemical polarization since the capacity of Li electrode is way higher than the working electrode. Under such circumstances, the Li electrode can be concurrently worked as a quasi-stable reference electrode and the counter electrode. The electrochemical signature of the 2-electrodes halfcell is then interpreted as the signature of the working electrode, instead of the whole system. It worth noting that the term "voltage" is used to describe a full cell; it does not give any information about one electrode independently. On the other hand, the term "potential" describes the state of one electrode with respect to a reference electrode.

Electroanalytical techniques

To date, the most commonly used electroanalytical techniques to characterize ECs are cyclic voltammetry, constant current charge/discharge, and electrochemical impedance spectroscopy. In principle, cyclic voltammetry and constant current charge/discharge are transient techniques deployed to study the electrode reactions by applying a transient signal to the systems that drive the electrode to different polarization conditions and then record the response. On the other hand, electrochemical impedance spectroscopy is a stationary technique that studies the electrochemical reactions at a steady state by perturbing the electrode with a small magnitude of alternating signals. 1 Although different sorts of input signals and methods are used in each technique, the core essence of these techniques is to find the current-potential (i-V) relationship over a period of time to understand the electrochemical reactions of the electrode. A brief introduction of these techniques is given in the following content.

Cyclic voltammetry (CV)

CV is a widely used electroanalytical technique in ECs, providing multiple electrochemical properties, such as operating voltage window, capacitance and capacity evaluations, kinetic analysis, and so on. supercapacitor at a scan rate of 20 mV s -1 . b is adopted from ref. 2 In principle, CV testing a linear voltage ramp is applied to a cell (2-electrodes systems) or a linear potential sweep to an electrode (3-electrodes systems); between a voltage (or a potential) range.

In both cases, the resulting current is recorded all along the potential (or the voltage) sweep. As presented in Figure II-4a, the applied voltage is given between the initial voltage (𝑉 𝑖 , in V) and ending voltage limits (𝑉 𝑒 , in V):

𝑉(𝑡) = 𝑉 𝑖 + 𝑣𝑡 (II -1)
when 𝑉 < 𝑉 𝑒 , where v is the scan rate (V s -1 ). After 𝑉 reaches 𝑉 𝑒𝑛𝑑 , a reverse scan with the same potential scan rate is applied: When a scan rate v is applied to the circuit, we have:

𝑉(𝑡) = 𝑉 𝑒 -𝑣𝑡 (II -2)
𝑉 = 𝑣𝑡 = 𝑖𝑅 𝑠 + 𝑞 𝐶 𝑑𝑙 ⁄ (II -3)
where i (A) is response current, Rs (Ω) is the equivalent resistance, q (C) is the total transported charge in the circuit, and Cdl (F) is the EDL capacitance. Since 𝑖 = 𝑑𝑞/𝑑𝑡 (II -4)

By combine equation II-3 and 4, i is then given:

𝑖 = 𝑣𝐶 𝑑𝑙 (1 -𝑒 -𝑉 𝑣𝑅 𝑠 𝐶 𝑑𝑙 ⁄ ) (II -5)
Three fundamental parameters, voltage, current and time are directly measured and recorded in the CV test, and the capacitance Cdl of the cell can be derived from these parameters by 3 :

𝐶 𝑑𝑙 = 𝑞/𝑉 = ∫ 𝑖 𝑉𝑒 𝑉𝑖 𝑑𝑡 𝑉 (II -6)
In addition, other metrics, such as energy and power performance, can also be calculated via the integration of the CV curves.

CV technique is also a suitable way to determine the operating voltage window of electrode material or an electrolyte in a 3-electrodes cell system, as well as the cyclability of the EC device.

Moreover, as previously mentioned in Chapter I, by applying a wide range of scan rates, the CV test allows analysis of the electrochemical kinetics to distinguish the pseudocapacitive and battery-type behavior. 4

Constant current charge/discharge (GCCD)

Differently from the CV test, the GCCD technique applies a constant current to the EC device 

𝐶 𝑑𝑙 = 𝑖 𝑑𝑉 𝑑𝑡 (II -7)
where 𝑑𝑡 is the discharge time (s) and 𝑑𝑉 is the corresponding voltage change (V); 𝑑𝑉/𝑑𝑡 is the slope of the GCCD curve, which is usually measured on discharge. 

𝑅 𝑠 = 𝑉 𝑑 |𝑖 𝑐 -𝑖 𝑑 | (II -8)
where id is the discharge current (A). As described in equation I-7 in Chapter I, the maximum power performance of an EC device is determined by the Rs. Since the voltage drop cannot be avoided in the GCCD test, a more accurate way to calculate the cell capacitance is proposed, especially at highrate tests:

𝐶 𝑑𝑙 = 𝑖 𝑑 ⋅ 𝑑𝑉 𝑑𝑡 | 𝑉<𝑉 𝑚𝑎𝑥 -𝑉 𝑑 (II -9)

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a very powerful technique to study the electrochemical reactions at the steady-state, often used to estimate the capacitance value, series resistance, and more importantly to understand the kinetics and limitations of the electrochemical process. One of the great interests to applied EIS in the energy storage filed is that it enables an accurate method to distinguish the electrochemical behavior of capacitive, pseudocapacitive, and battery-type materials. The current-potential (i-V) relationship can be established by two means in EIS tests, one can apply an alternative potential to the systems and record the current response or vice versa. The main advantage of this technique is that it applies small magnitude perturbations to the systems and therefore the current-potential relationship reflects the nature of reactions at the steady-state and permits a linearization of current-potential characteristics. Also, the EIS measurement can be performed over a wide time (frequency) range, from 10 -6 to 10 4 s (10 6 to 10 -4 Hz).

In EIS measurement, an alternating sinusoidal potential V with a small amplitude (normally 5~10 mV) is applied to the working electrode, expressed as:

𝑉(𝜔) = 𝑉 𝑜 sin(𝜔𝑡) (II -10)
where Vo is the maximum amplitude of the alternating potential signal (V), ω is the angular frequency in radian per second, with the relation to frequency (f in Hz) of ω = 2 πf. A sinusoidal signal of response current would be recorded:

𝐼(𝜔) = 𝐼 𝑜 sin(𝜔𝑡 + 𝜑) (II -11)
where Io is the maximum amplitude of response current (A), φ is the phase angle.

According to Ohm's law, the impendence Z of tested systems is given:

𝑍(𝜔) = 𝑉(𝜔) 𝐼(𝜔) = 𝑉 𝑜 sin(𝜔𝑡) 𝐼 𝑜 sin(𝜔𝑡 + 𝜑) (II -12)
For the sake of calculation simplification, the potential and current can be expresses by a complex notation. According to Euler's formula, the equation II-10 and II-11 can be described as:

𝑉(𝜔) = 𝑉 𝑜 exp(𝑗𝜔𝑡) (II -13) 𝐼(𝜔) = 𝐼 𝑜 exp(𝑗(𝜔𝑡 + 𝜑)) (II -14)
Then the impendence Z goes:

𝑍(𝜔) = 𝑉(𝜔) 𝐼(𝜔) = 𝑉 𝑜 𝐼 𝑜 exp (-𝑗𝜑) (II -15)
where Z(ω) is also known as the complex impedance, can also be written as:

𝑍(𝜔) = 𝑍 𝑅𝑒 + 𝑗𝑍 𝑖𝑚 (II -16)
where ZRe is the real part (also called resistance) and Zim is the imaginary part (also called reactance)

of the Z(ω). And the impendence modulus |Z(ω)| is written as:

|𝑍(𝜔)| = √(𝑍 𝑅𝑒 2 + 𝑍 𝑖𝑚 2 ) (II -17)
In EIS measurements, the equivalent electrical circuit is used to study and predict the electrochemical cell. There are three ideal electrical components in the equivalent electrical circuit, namely resistor, capacitor, and inductor (see Table II-2). For a resistor, its real part of Z called resistance (R) and the imaginary part is zero. The real parts of the capacitor and inductor are zero, and their imaginary part Zim called capacitance (C) and inductance (L), respectively. Indeed, the semi-circle loop in the high-frequency range is also reported in some EDLC electrodes, which can be explained by the interfacial impedance occurring at the current collector/active material interface, instead of the charge transfer resistance. 9 Moreover, one can also calculate the capacitance from EIS measurements with a concept of complex capacitance 10 :

𝐶 𝑅𝑒 (𝜔) = -𝑍 𝑖𝑚 (𝜔) 𝜔|𝑍(𝜔)| 2 (II -18) 𝐶 𝑖𝑚 (𝜔) = 𝑍 𝑅𝑒 (𝜔) 𝜔|𝑍(𝜔)| 2 (II -19)
where CRe(ω) is the real part of the capacitance. At low frequency, its value corresponds to the value measured in CV or GCDD techniques. Cim(ω) is the imaginary part of the capacitance, is related to an energy dissipation such ohmic losses and irreversible processes that can lead to a hysteresis. 10 Chapter III Electrochemical study of pseudocapacitive behavior of Ti 3 C 2 T x MXene electrode in aqueous electrolytes

Introduction

As aforementioned in Chapter I, supercapacitors are considered as energy devices that can achieve high power delivery. The high power performance of supercapacitors originates from fast adsorption/desorption of electrolyte ions into the electrochemical double layer (EDL) formed at porous carbon surface, or, alternatively, from fast redox reaction confined at the surface of pseudocapacitive materials. 1 Pseudocapacitive materials can deliver higher specific energy compares to EDLCs thanks to the contribution of surface-confined redox reactions, offering opportunities to achieve high power and energy simultaneously. In pseudocapacitive materials, the total stored charge process can be conventionally separated into two parts, namely surface (or outer)

and bulk (or inner) processes. The surface process involves both the electrochemical double-layer capacitance and fast, non-diffusion limited faradaic redox reaction if any. On the other hand, the bulk process is limited by mass transport (diffusion). It is worth noting ohmic limitations can take over the overall electrode kinetic when increasing the current density.

2D Ti3C2Tx

MXenes have been extensively studied as pseudocapacitive electrode materials in aqueous systems. 2 The deconvolution of surface and bulk processes of Ti3C2Tx MXene electrodes could not only help to understand the electrochemical behavior of MXenes but would also be beneficial for designing MXene electrodes with improved performance. Therefore, this chapter is dedicated to the electrochemical study of the pseudocapacitive behavior of compact Ti3C2Tx electrodes in aqueous electrolytes. We proposed a general, qualitative method termed as "multiplestep chronoamperometry" (MUSCA) in this chapter, which allows for calculating back cyclic voltammograms at various potential scan rates while minimizing ohmic limitations, thus making it possible the electrochemical kinetic study of the pseudocapacitive electrode over a large range of potential scan rates.

Preparation of Ti3C2Tx MXene electrode 2.1 Synthesis of Ti3C2Tx MXene

Ti3AlC2 from a mixture solution of hydrochloric acid (HCl) and lithium fluoride (LiF). 3 Specifically, 2 g Ti3AlC3 powder was added gradually to 40 mL of the etchant, which is composed of 40 mL 9 M HCl and 2 g LiF powder. After stirring 24 h at 35 ℃, the Ti3C2Tx suspension was centrifuged and washed with the DI water until the pH value of the supernatant reached 6. Afterward, the Ti3C2Tx sediment was dispersed in DI water, followed by a sonication treatment in an ice bath for 1 h. Then the mixture was centrifuged at 3,500 r.p.m for 1 h. The dark supernatant was collected carefully and used for preparing freestanding Ti3C2Tx dry film. Specifically, 5 mL of supernatant was vacuumfiltered by using a celgard separator (see Figure II-1 in Chapter II), resulting in a freestanding Ti3C2Tx dry film with a diameter of around 44 mm. MXenes and parent Ti3AlC2 MAX phase. The XRD pattern obtained for Ti3C2Tx is consistent with the previous report. 4 It can be seen that the crystal structure of the MAX phase completely vanished after the etching process, and the newborn set of (00l) peaks together with the well-layered structure of the cross-section view evidencing the successful preparation of Ti3C2Tx MXene with a layered structure. 

Characterizations of Ti3C2Tx MXene film

Electrochemical techniques for deconvoluting surface and bulk processes

Many electrochemical techniques have been proposed in the literature for deconvoluting surface and bulk processes in energy storage electrodes. [5][6][7][8][9][10][11] A brief introduction to these methods is listed below.

A first method pioneered by Trasatti et al., which allows distinguishing between 'outer' surface redox and 'inner' redox contributions, has been extended to separate diffusion-limited contributions from non-diffusion contributions. 5,12 Considering that i) the inner charge qi in the bulk of electrode changes linearly with the square root of the potential scan rate ν -1/2 (diffusion-controlled process)

and ii) that the outer surface charge qo (C) is independent of the scan rate ν (non-diffusion-controlled process), the outer surface charge qo can be obtained from the intercept of the plot of the equation:

𝑞(𝜈) = 𝑞 𝑜 + 𝑐𝑜𝑛𝑠𝑡 ⋅ 𝑣 -1 2 ⁄ (III -1)
where q(ν) (in C) is the total charge from a cyclic voltammetry test. On the other hand, when the scan rate is low enough, the outer and inner charge supposed to be fully accessed. Thus, total charge qt (in C) can be extrapolated when v=0 using the equation:

1 𝑞(𝑣) = 1 𝑞 𝑡 + 𝑐𝑜𝑛𝑠𝑡 ⋅ 𝑣 1 2 ⁄ (III -2)
In this way, the inner charge can be obtained from the difference between qt and qo. However, the conductivity of the material and the associated ohmic drop can also significantly affect the electrochemical signature under dynamic conditions (at high scan rates during cyclic voltammetry tests for instance), leading to a shift of the linear dependence of the experimental charge vs. v 1/2 .

Therefore, most of the conventional electrochemical analysis including "Trasatti plot" method gets far less accurate when the ohmic drop is not negligible, such as when using solid films of tens of µm -thick.

In addition, Conway et al. analyzed the different electrochemical processes by examining peak current (ip) change with potential sweep rate (v): ip increases linear with v, for a surface process, while ip changes with v 1/2 for a diffusion-controlled process. [6][7] Based on this model, Dunn et al 8 proposed a method based on the deconvolution of the current into capacitive (changing with v) and diffusion-limited contributions (changing with v 1/2 ), at each potential, leading to equations III-3 and III-4:

𝑖(𝑣) = 𝑘 1 𝑣 + 𝑘 2 𝑣 1/2 (III -3) 𝑖(𝑣)/𝑣 1 2 = 𝑘 1 𝑣 1 2 +𝑘 2 (III -4)
where i the current (A) and v the potential scan rate (V/s), k1 (As/V) and k2 (A(s/V) 1/2 ) are two proportionality constants. k1 and k2 can be calculated by using equation III-4 by plotting the current versus v 1/2 and the capacitive (k1v) and diffusion-limited contributions (k2v 1/2 ) can be obtained at each potential at various scan rates. However, as mentioned before, the linear relationship of equation III-4 is no more valid at high scan rates when ohmic drop (iR) cannot be neglected (because of high current), which leads to a distorted cyclic voltammograms. 7,13 Recently, another method called SPECS (for Step Potential Electrochemical Spectroscopy) was proposed by Donne et al. to separate the diffusion-limited process from an electrical double-layer contribution. 9 An equation combining diffusion-limited redox current (id), surface-related capacitive current (iDL1), porous surface area capacitive (iDL2), and residual current (iR) contributions was proposed to fit the current response following the application of a potential step ΔE:

𝑖 𝑡 = 𝑖 𝐷𝐿1 + 𝑖 𝐷𝐿2 + 𝑖 𝑑 + 𝑖 𝑅 = 𝛥𝐸 𝑅 𝑆1 𝑒𝑥𝑝 ( 𝑡 𝑅 𝑆1 𝐶 𝐷𝐿1 ) + 𝛥𝐸 𝑅 𝑆2 𝑒𝑥𝑝 ( 𝑡 𝑅 𝑠2 𝐶 𝐷𝐿2 ) + 𝐵 𝑡 1/2 + 𝑖 𝑅 (III -5)
where RS1, RS2 (resistance, in Ω) CDL1, CDL2 (capacitance, in C), constant B, and residual current iR (in A) are fitted parameters obtained by linear least-squares regression. Mathematically, the current response at any potential steps can be perfectly fitted by this equation. The contributions of both capacitive, diffusion-limited, and parasitic redox reactions (residual current) can be identified, thus making SPECS an interesting tool to study redox reactions and charge storage mechanisms.

However, the important number of variables makes the resolution of the equation III-5 complex, with the possibility of a non-unique solution. Also, these theoretical equations are often not enough to take into account the complex electrochemical answer, which leads to an even more intricate equation. Although the SPECS method offers an interesting and promising approach to study the charge storage mechanisms at faradic and capacitive electrodes, further efforts are needed to build up the connection between the physical process and mathematical model.

Besides the cyclic voltammetry-based method, Long et al. recently suggested another interesting electrochemical technique to analyze the relative contributions of total charge by

extracting frequency-dependent information from electrochemical impedance spectroscopy measurements. A three-dimensional Bode plot analysis allows for deconvoluting the capacitance change vs. frequency and potential, thus offering an interesting way to distinguish between capacitive processes (double-layer and pseudocapacitive) and diffusion-limited processes (battery-like) in LiMn2O4 material. 10 This chapter select Dunn's method to deconvolute surface and bulk processes of the Ti3C2Tx MXene electrode in various aqueous systems, including acidic (H2SO4), alkaline (KOH), and neutral (K2SO4) electrolyte. This one-dimensional (1D) diffusion model was considered in this work because both electric field and electrolyte concentration gradients are assumed to be perpendicular to the electrode at the macroscopic and time scales of the measurements (1 to 100 s).

Electrochemical characterizations of Ti3C2Tx in acidic electrolyte

Cyclic voltammograms of Ti3C2Tx MXene electrode in H2SO4 electrolyte

According to equations III-3 and 4, the i-v relationship is needed to apply Dunn's method, which commonly recorded by cyclic voltammetry techniques.

Electrochemical tests were achieved using 2-electrode set-up in Swagelok cells using 2 mmdiameter disks of Ti3C2Tx dry films (mass-loading of 2.2 mg cm -2 ) as working electrode (WE) and an over-capacitive YP50F film (≈ 20 times) as both counter (CE) and reference electrodes (RE).

First of all, the electrochemical stability of the CE has been checked in a separate series of experiments with conventional 3-electrode systems, where a MXene electrode as WE, an overcapacitive YP50F film as CE and a Hg/Hg2(SO4) as RE, respectively. Figure III-3b presents the experimental cyclic voltammetry plots recorded from 2 to 100 mV s - 1 between -0.9 V (vs. RE) to OCV (-0.05 V vs. Re), which are similar to previous results reported in the same electrolyte. 14 The Ti3C2Tx MXene specific capacitance reaches 360 F g -1 in 3 M H2SO4 at a scan rate of 2 mV s -1 . The pair of redox peaks visible at -0.7 V originate from the pseudocapacitive behavior of MXene based on the redox activity of Ti, [14][15] which explains the slow kinetic at -0.7 V as well.

A key feature of the CVs is the drift of the anodic peak potentials to higher potential with increasing potential scan rates. This peak shift with increasing potential scan rate in CVs can be ascribed to slow intrinsic electrochemical kinetics of the electrode or/and to ohmic limitation, since increasing the potential scan rate results in a current increase. We also noticed that there is no such behavior observed for the cathodic peaks, which indicates that the origin of the kinetic limitations in the reduction process is different from anodic. As aforementioned, such ohmic limitation makes it difficult to study the electrochemical kinetics by itself with the potential scan rate. Therefore, in order to reduce the ohmic limitations and to get a more reliable i-v relationship, a workaround would be to use a quasi-steady state technique: instead of using a continuous linear voltage ramp or fast staircase voltammetry a quasi-steady state voltage staircase could be an elegant way to reach this purpose.

In a first step, we remind how the ohmic limitations originate in the CV tests. For a capacitive cell (a resistance and a capacitance in series), the relationship between the actual potential VΩ (V) experienced by the electrode (i.e. the capacitance) and the applied potential Vapp (V) (i.e. the voltage applied to the RC cell) can be given:

𝑉 Ω = 𝑉 𝑎𝑝𝑝 -𝑖𝑅 (III -6)
In RC cell, the current i (A) is described as:

𝑖 = 𝑉 𝑎𝑝𝑝 𝑅 𝑒 -𝑡 𝑅𝐶 ⁄ (III -7)
The VΩ can then be given as:

𝑉 Ω = 𝑉 𝑎𝑝𝑝 ⋅ (1 -𝑒 -𝑡 𝑅𝐶 ⁄ ) (III -8)
where 𝑡 is time (s), i is the response current. Under high potential scan rates (short time), the whole CV tests experience a short measure time and high current density, leading to significant ohmic drops. In order to minimize the effect of the ohmic drop, the ohmic-compensation method is commonly employed in CV tests using a positive feedback method. In short, it consists of applying an extra ∆𝐸 to the desired control potential to compensate for the ohmic drop occurring across the cell. Since at the interface, we got:

𝐸 𝑎𝑝𝑝 = 𝐸 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + 𝑖𝑅 ( III -9)
To compensate for the ohmic drop, so to achieve 𝐸 𝑎𝑝𝑝 = 𝐸 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 , 𝐸 𝑎𝑝𝑝 ′ is applied:

𝐸 𝑎𝑝𝑝 ′ = 𝐸 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + 𝑖𝑅 (III -10)
where:

𝐸 𝑎𝑝𝑝 ′ = 𝐸 𝑎𝑝𝑝 + ∆𝐸 ( III -11)
Thus, to compensate the potentiostat applies on-fly for each potential:

∆𝐸 = 𝑖𝑅 ( III -12)
The simplest way is to measure the series resistance once for all at the beginning of the experiment; a more refined way is to measure the series resistance all along with the scan. In both cases, in electrochemical capacitor systems, cyclic voltammetry experiments achieved at fast scan rates will result in a fast current transient due to the charging/discharging of the double layer, as described in equation III-7. This leads to current oscillations at high potential scan rates, which limits the use of this kind of ohmic-compensation technique. Hence, we dedicated in this present chapter to seek an alternative way to minimize the effect of the ohmic drop in the i-V relationship.

Multiple-step chronoamperometry (MUSCA) technique in acidic electrolyte

The advantage of the MUSCA technique is to minimize the ohmic contribution since each new potential step n is achieved after reaching the full steady-state at minimum current at step (n-1).

Most of today's potentiostats are digital, which implies a basic cyclic voltammetry experiment is achieved by using a staircase ramping potential (Figure III-4a). It consists of small amplitude potential steps during a very short time -for instance, 0.1 mV step for 5 ms -corresponding to 20 mV s -1 . 16 A similar linear increase of both the potential step and time step sizes should not change the scan rates (v = dE/dt). Differently from classical CV, a very large step time of 120 s is used in the MUSCA technique instead of tiny changing time scales, whatever the potential step height was (25, 50, 100 mV). Therefore, within a single potential chronoamperometry measurement, the current corresponding to the potential step can be calculated at different scan rates according to:

𝑣 = ∆𝑉 ∆𝑡 ⁄ (III -13) 𝑖 = ∫ 𝑖 𝑑𝑡 ∆𝑡 0 𝛥𝑡 (III -14)
where 𝑖 is mean current (mA), ΔV is potential step amplitude (V), Δt is the selected time (s), and i is the response current in each potential step (mA). For example, a 100 mV potential step for a duration of 120 s offers a minimum scan rate of 0.83 mV s -1 or larger like 10 mV s -1 , if we consider only the first 10 s.

Potential step amplitude is the most crucial factor for the MUSCA technique. To select the best potential step amplitude, MUSCA measurements were carried out during both cathodic and anodic sweeps between -0.9 to 0 V (vs. Hg/Hg2SO4) using various potential steps of 25, 50, and 100 mV with a fix step duration of 120 s. Specifically, for a typical MUSCA characterization of the Ti3C2Tx electrode with a step size of 100 mV, the WE was firstly held at 0V vs. Ref to reach equilibrium.

Then series of potential steps of -100 mV amplitude with a duration of 120 s was applied to the WE to explore the cathodic potential range until reaching the negative potential limit defined as -0.9 V (vs. RE). Afterward, a similar process with a step size of +100 mV was applied to scan the anodic potential range back to 0 V (vs. Ref). The current change was recorded as a function of time for each potential step during 120 s that is until a constant current was reached, as presented in Figure III-5a. This is the main upside of the MUSCA method (according to equation III-9): the potential at the interface (𝐸 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ) for each potential step turns to be equal to the applied potential (𝐸 𝑎𝑝𝑝 ). Indeed, for a step size of 100 mV, the potential range of 0.0 to -0.9 V (vs. RE) gives only a few data points for the one discharge/charge cycle, which is not enough to rebuild a CV plot. In this case, five measurements were done starting at different initial potentials (0.0, -0.02, -0.04, -0.06, and -0.08 V vs. RE) to collect more data points at more potentials, to calculate the CV plots. CVs. This feature highlights the main benefit of using the MUSCA method, which can provide more accurate i-v function data for electrochemical kinetic studies. Indeed, a peak shift in CV plots recorded at various potential scan rates can be ascribed to ohmic drop or slow intrinsic kinetics of the electrode itself. 18 In MUSCA measurements, a considerable time scale enables response current decays to close to 0 before the move to the next chronoamperometry measurement, with shallow residual current from the previous potential step. While for the experimental CV test, especially at high scan rates, the very short time scale is not enough for the response current to decrease down to about 0; thus the observed current at each potential contains a residual current contribution from the previous step which accumulates step after step during the experiment. As aforementioned, these residual currents emphasize the ohmic drop effect greatly at high scan rates and result in the current peak shift.

Deconvoluting surface and bulk processes of MXene electrode in acidic electrolyte

We further applied Dunn's method to distinguish between the surface and bulk processes of Ti3C2Tx MXene electrode in 3 M H2SO4 electrolyte by using the more accurate i-v function obtained from the MUSCA method. As mentioned, the anodic peak drift with the increasing scan rates has been drastically decreased so that the obtained corrected cyclic voltammogram can now be used to achieve reliable kinetic analysis, with almost no more ohmic contribution. According to equation III-3, deconvoluting the values of k1 and k2 at each potential allows for splitting the total current into the surface (linear change with v), and bulk (linear change with v 1/2 ) processes contributions. By determining k1 and k2 from equation III-4, the fraction of the current corresponding to k1v and k2v 1/2 at each potential can be calculated. Surface process (orange shaded area) and bulk process (black line shaded area) currents are calculated at the scan rates to a range of 2 to 100 mV s -1 , and the fitting results at the scan rate of 20 mV s -1 and 2 mV s -1 were exampled in Figure III-8. As observed, the surface process contributed 67%, and 39% of the total charge at 20 mV s -1 and 2 mV s -1 , while the proportion of bulk process is 33% and 61%, respectively. The proportion of surface versus bulk processes at various scan rates is presented in Figure III-9. As expected, the capacitive charge storage dominates at a higher scan rate, while the bulk process charge storage predominates at the low scan rate. the surface process contributing 68% of the total charge, while the bulk process accounts for 32%.

In terms of a lower scan rate of 2 mV s -1 , the surface process down to 40% and the bulk process raises to 60%, thus confirming the high rate capability of the MXene electrode in KOH electrolyte. electrolyte at various scan rates.

Applicability of MUSCA method

A paper based on the aforementioned results which studied the electrochemical kinetics of Ti3C2Tx MXene electrodes in aqueous electrolytes by combining MUSCA and Dunn's approach was published in the journal Energy Storage Materials, 21 and later on draw criticisms from Costentin et al. 22 , claiming quoted "MUSCA severely distorts the CV responses, opening the way to dangerous artifacts in the interpretation of experimental data." and then asserts that the MUSCA method leads to distortion of CV plots. 20 First of all, the shape of CV plots calculated from the MUSCA method in that the effect of ohmic polarization and residual current was minimized by MUSCA method which allows the response current to fully decay to the equilibrium conditions at each potential step. 25 They further deconvolute the capacitive and diffusive current densities based on the CV curves derived from the MUSCA method by adopting k1, k2 analysis and found that the results are in good agreement with the EDL and faradaic current densities reconstructed from the MUSCA method. 25 Therefore, the applicability of our MUSCA method was confirmed from more realistic numerically simulations.

Finally, in order to further confirm the applicability of the MUSCA method, we applied the MUSCA method with the same parameters to a capacitive porous carbon electrode in 1-Ethyl- The MUSCA method was able to reproduce the minimum capacitance around 0.25 V (vs. Ag wire).

Conclusion

In this chapter, Ti3C2Tx MXene was successfully prepared by removing Al atoms of the Ti3AlC2 MAX phase. Then electrochemical studies were carried out to kinetically understand the pseudocapacitive behavior of compact Ti3C2Tx MXene electrodes in aqueous electrolytes, including acidic (3 M H2SO4), alkaline (1 M KOH), and neutral (0.5 M K2SO4) electrolytes.

A multiple potential step chronoamperometry (MUSCA) method was proposed to calculate CV plots of MXene materials at various scan rates, and two key parameters in this technique, namely potential step height and duration time, were discussed. MUSCA allows for building back the CV plots by minimizing the effect of ohmic drops arising from high currents at the high potential scan rate. The calculated CV plots of Ti3C2Tx MXene in aqueous electrolytes using the MUSCA method show a similar shape compared to experimental ones, allowing kinetics study of the charge storage mechanism. Using B. Dunn's approach, the contributions of the surface and bulk processes to the total charge in the MXene electrode were obtained by determining k1 (surface process) and k2 (bulk process) constants. As expected, fast, non-diffusion limited surface processes dominate at a high scan rate while the bulk, diffusion-limited processes take over at a low scan rate. In acidic and alkaline electrolytes, a similar trend was observed, while the surface process dominates the whole potential scan rate range in the neutral electrolyte. Apparently, the nature of the electrolyte affects the capacitance, the electrochemical kinetics as well as the charge storage mechanism.

A debate about the applicability of the MUSCA method was raised by Costentin et al., which was later rebutted by additional experimental results and another theoretical simulation work 25 . The MUSCA method relies on minimizing the potential distribution inside the volume of the electrode during the step, to reach a homogeneous state of charge at the end of each potential step. Then, potential step height and step time have to be carefully selected to get reliable and valid results; once that done, the MUSCA tool offers interesting ways to build back CVs from realistic experiments.

Therefore, the proposed MUSCA method can be used as an efficient tool to study the electrochemical behavior of electrodes, thus helping the development of electrochemical energy storage devices.

Chapter IV Unraveling the charge storage mechanism of Ti 3 C 2 T x MXene electrode in acidic electrolyte

Introduction

Ti3C2Tx (Tx= -F, -O, -OH), the firstly reported and most studied MXene to date has been proved to be a suitable material for cation intercalation between MXene layers in aqueous electrolytes, where high volumetric capacitance could be achieved. [1][2] In particular, Ti3C2Tx hydrogel films in H2SO4 electrolyte reached a record volumetric capacitance of 1,500 F cm -3 (at 2 mV s -1 ); still delivering 800 F cm -3 at a scan rate of 1 V s -1 (see Chapter 1, Figure I-14b). 3 Following these exciting performances, numerous works have been dedicated to the understanding of the charge storage mechanisms of MXenes in various aqueous electrolytes, including acidic electrolytes where the highest capacitance was obtained, but the picture remains incomplete. 1,[4][5][6][7][8][9][10][11][12] Experimental and computational approaches have b). 5 Besides, a protonation of oxygen functional groups was suggested by in situ Raman spectroscopy 6 via reversible bonding/debonding reactions between hydronium ions and oxygen functional groups during the reduction/oxidation process. Using the same technique, they further demonstrated that high content of -O surface terminations provide more active sites for proton bonding/debonding. 13 Recently, in situ XRD technique was used to track the change of the interlayer distance in Ti3C2Tx layers upon H + intercalation; results showed an expansion/shrinkage of MXene interlayer spacing during charge/discharge. 8 This volumetric change of the electrode during electrochemical cycling could explain the diffusion-limitation behavior observed with a stacked Ti3C2Tx electrode. 9 In addition, how the confined water present between the MXene layers affect the pseudocapacitive behavior was also discussed in other works. [13][14][15] It has been suggested that more H2O molecules intercalated between the Ti3C2Tx interlayers enable more proton ions to have access to active sites, leading to higher capacitance. 13 The reactivity at the Ti3C2O2/water interface (assuming -O as the Tx termination groups) was investigated by using first-principles molecular dynamics simulations. The simulation results suggested a rapid surface redox involving proton intercalation and a fast proton transfer process via water confined in-between the MXene layers, contributing to the high-rate performance of MXenes in acidic electrolytes. 15 A similar proton hopping transport mechanism was also proposed in another simulation. 14 

Preparation of Ti3C2Tx MXene electrodes 2.1 Synthesis of pristine Ti3C2Tx MXene

Pristine Ti3C2Tx material was prepared with a similar etching method in Chapter III, but with different post-etching treatment. Firstly, Ti3C2Tx was prepared by removing the Al atom layers from the Ti3AlC2 MAX phase in an etching solution of HCl and LiF, which similar to Chapter III and the previous report. 2 Specifically, 2 g LiF salt dissolved in 40 ml of 9 M HCl was served as the etchant, then 2 g of Ti3AlC2 powder was slowly added into the etchant. After string 48 h at 35 o C water bath, the obtained multiple-layer Ti3C2Tx suspension was centrifugated and washed with deionized water for several times until the suspension pH reaches 6. Then, the delamination of Ti3C2Tx was achieved by sonication for 1 h in an ice bath, with the bubbling of N2 gas. Afterward, the obtained mixture was centrifugated for 1 h at 3500 r.p.m. The dark supernatant was obtained as the suspension which composed of single-layer Ti3C2Tx MXenes. The MXene suspension was then dried via a freezedrying method. The obtained Ti3C2Tx powder was mixed with deionized water and used for preparing freestanding Ti3C2Tx electrode by using a vacuum-filtering process (see with the well-layered structure in SEM image evidencing the formation of Ti3C2Tx MXene phase. 16 It is worth noting the (002) peak position of P-MXene at 6.94 o corresponds to a c lattice parameter (c-LP) of 25.5 Å.

Thermal treatment of pristine Ti3C2Tx MXene film

Previous reports revealed that the surface of MXene films prepared by etching from LiF/HCl solution mainly contains -O, -OH and -F termination groups (noted as Tx), and their proportions depend on the synthesis conditions. [17][18] Besides, the interlayer distance of MXenes layers reflects the presence of intercalated water molecules or cations. [19][20] To get further insights into the role of those water molecules and the surface termination groups on the capacitive behavior, annealing TPD-MS measurement is used to analyze the surface groups by tracking the desorbed molecules from the MXene surface during thermal treatment under an inert atmosphere. The gas products generated during the heating process are further analyzed by a mass spectrometer and the gas nature and quantity are recorded as a function of applied temperature. The ultra-high sensitivity (in the level of parts per billion) over the mass range of 1-300 atomic mass unit is realized by a quadrupole system, including a closed ion source, triple mass filter, and Faradic and secondary electron multiplier detector systems. 21 In this Chapter, TPDMS was conducted under an Ar atmosphere flow (100 ml min -1 ). Ti3C2Tx film was placed in a thermo-balance and heated up to 1200 while the second one (between 800 and 1000°C) is mainly due to the irreversible structural transformation of Ti3C2Tx such as reported in previous studies. [21][22] Table IV- Regarding the dehydration mechanism, previous reports [23][24] have proposed a possible hightemperature reaction where the H2O loss is due to the decomposition of -OH groups. However, the observed shrinkage of c-LP (~1 Å) when purging N2 overnight at room temperature (Figure IV-4b)

supports the removal of H2O in-between the MXene layers. Also, most of the dehydration process takes place at below 200 o C, while a previous NMR study revealed that the MXene drying below 200 o C under vacuum does not change the content of -OH terminations 18 . Hence, we believed the dehydration in our case is more likely achieved by the removal of pre-intercalated H2O, as described by Seredych et al. 21 Previous studies about the chemical and thermal stability of Ti3C2Tx MXene in various conditions suggested that the 2D nature and composition of titanium carbide were not affected by annealing treatment up to 600 °C. [21][22]25 To further confirm the absence of structural degradation of In summary, in this chapter, we chose three samples, namely P-MXene, 500-MXene and 600-MXene, to study the pseudocapacitive charge storage mechanisms of Ti3C2Tx MXene in acidic electrolytes. Results have shown that P-MXene has pre-intercalated water layers in-between the MXene layers and the termination groups are not modified compared to thermal treated MXenes.

Differently, there is no water layer in-between 500-MXene and 600-MXene layers. Also, the 500-MXene sample still has less -OH termination groups left (around ~5% of the total -OH content, calculated from the integration of desorption rate of the -OH as a function of temperature), while -OH termination groups were completed removed in 600-MXene. 

Electrochemical tests of Ti3C2Tx MXene electrodes in H2SO4

The electrochemical characterizations of three types of samples, P-MXene, 500-MXene, and 600-MXene, were conducted using 3-electrodes Swagelok cell (see Figure II-3 in Chapter II), where 10 mm-diameter disks of freestanding MXene films (mass-loadings around 1.9 to 2.1 mg cm -2 ) as working electrodes, Hg/Hg2SO4 as the reference electrode, and over-capacitive YP50F film as the counter electrode. 3 M H2SO4 was used as the electrolyte. After pre-cycling at 50 mV s -1 for 50 cycles, the cells were tested from the scan rate from 50 to 1000 mV s -1 .

The gravimetric capacity of the Ti3C2Tx electrode was calculated using:

𝑄 = 1 3.6 ⋅ 𝑠 ⋅ 𝑚 ∫ 𝑖𝑑𝑉 𝑉 2 𝑉 1 (IV -1)
It comes to the average gravimetric capacitance over the voltage window is:

𝐶 𝑔 = 1 𝑠 ⋅ 𝑚 ∫ 𝑖𝑑𝑉 𝑉 0 𝑉 (IV -2)
where Cg is the gravimetric capacitance (F g -1 ), Q is the gravimetric capacity (mAh g -1 ), V is the potential window (V), i is the response current (A), m is the mass of the working electrode (g), and s is the scan rate (V s -1 ).

Electrochemical performances at the steady-state

After pre-cycling at a scan rate of 50 mV s -1 for 50 cycles, the reversible CV profiles are presented in Figure IV-6a. A set of redox peaks is visible at around -0.75 V (vs. Hg/Hg2SO4) for P-MXene and 500-MXene, such as previously observed and detailed in Chapter III and in agreement with the previous report in such electrolyte, 3 while these redox peaks vanished for 600-MXene. The gravimetric specific capacitance calculated from CV profiles where 325 F g -1 , 343 F g -1 , and 127 F g -1 for P-MXene, 500-MXene, and 600-MXene, respectively. While both P-MXene and 500-MXene exhibit the expected electrochemical signature in the H2SO4 electrolyte, the capacitive performance of the 600-MXene sample was strongly affected, following the disappearance of the redox peaks around -0.75 V (vs. Hg/Hg2SO4). Nevertheless, it is worth mentioning 5% of -OH termination groups are still left in 500-MXene, while all the -OH termination groups have been removed for 600-MXene. After electrochemical cycling in H2SO4, c-LPs of the MXene films increases to a similar value of ~27.5 Å for both P-MXene and 500-MXene samples, while it remains nearly unchanged for 600-MXene. It can be assumed that the increase of the c-LP in 500-MXene results from the H2O (and/or H3O + ) intercalation during the electrochemical process. This supports the presence of confined H2O inbetween the MXene layers, which is correlated to the activation of the charge storage mechanism of Ti3C2Tx MXene in acidic electrolytes, as suggested by a previous simulation study. 10 As mentioned above, the main difference between the 500-MXene and 600-MXene samples being the -OH termination groups content, the absence of confined H2O molecules in the 600-MXene sample, associated with the disappearance of the redox peaks in the CV profiles, maybe due to the removal of -OH termination groups. It seems that the presence of -OH termination groups favors the water intercalation in-between the MXene layers during the electrochemical polarization.

Electrochemical behaviors of P-MXene and 500-MXene samples during the first cycles

As mentioned above, P-MXene and 500-MXene exhibit a similar electrochemical behavior at a lower scan rate after pre-cycling, and this electrochemical behavior is evidenced related to the presence of H2O in-between MXene layers. A close comparison of the initial electrochemical characterizations for P-MXene and 500-MXene is conducted to further understand the impact of the interlayer H2O in the charge storage of MXenes in H2SO4 electrolyte. One has to keep in mind that the 500-MXene sample does not show H2O molecules in the interlayer gap, following their removal by heat treatment, while the P-MXene electrode has some intercalated H2O molecules between the MXene layers. 

Enhanced high-rate performances of 500-MXene electrode

The CV plots of P-MXene and 500-MXene electrodes within a potential scan rate range of 50 to 1000 mV s -1 are detailed in Figure IV-8. It can be seen that the CV plots distorted with the increasing scan rates. 

In situ techniques for understanding the charge storage mechanisms 4.1 In situ X-ray absorption spectroscopy (XAS) measurement

To further elucidate the pseudocapacitive behavior of Ti3C2, we conducted in situ X-Ray absorption near edge structure spectroscopy (XANES) experiment at the Ti K-edge on Pristine-MXene in full potential range (~0.9 V).

In situ Ti K-edge XAS measurements were performed on the DiffAbs beamline at synchrotron SOLEIL (France). The electron current of the storage ring was 100 mA, avoiding the beam damage to the sample. The XANES spectra were acquired using a Si(111) double-cam monochromator with an energy resolution of 0.5 eV at Ti K-edge and an energy step of 0.2 eV (from 4961 to 5300 eV).

The energy calibration was ensured by measuring a Ti foil, and an internal calibration was done using glitches coming from the Si(111). The incident photons were detected using a first ionization chamber filled with an appropriate gas mixture. A 4-elements silicon drift detector Vortex with an applied ROI was used to select the Ti Kα fluorescence photons, using 4 layers of aluminum foils in order to reduce the counting deadtime. Based on the linear dependence between Ti average oxidation state and the edge energy position, 5 we estimate a change of oxidation state of 0.134 per Ti atom. The gravimetric capacitance based on the oxidation change of Ti can be described as:

𝐶 = δ𝐹 𝑀 𝑤 𝑉 (IV -3)
where δ is the number of transferred electrons in the electrochemical reaction (equal to 0.134*3 since Ti3C2Tx MXene has three Ti atoms), F is the Faraday constant (96485 C mol -1 ), Mw is the molecular weight of Ti3C2Tx MXene (around 202 g mol -1 ), and V is the potential window (in V).

From eq. IV-3, a specific capacitance value of 213 F g -1 over a 0.9 V potential window is calculated. Given that the specific capacitance of P-MXene measured in Swagelok cell is 325 F g -1 , the

EDL-like ~40%

Chapter IV Unraveling the charge storage mechanism of Ti3C2Tx MXene electrode in acidic electrolyte 123 stored charge involving Ti redox contribution accounts for 65% of the total charge. An estimation of the EDL-like charge storage contribution to the total charge was made from the CV profile at a scan rate of 50 mV s -1 (see Figure IV-12), by assuming that the rectangle area (shaded part) in the CV profile corresponds to the charge stored only in the EDL. In this way, 60% of the total charge originates from the oxidation state change of Ti, which is close to the result from the in situ XANES measurement. On the other hand, during negative polarization from 0.2 to -0.1 V (vs. Ag/AgCl) the Ti oxidation state remains almost constant, suggesting that a part of the charge storage in P-MXene in H2SO4 is achieved via an EDL-like mechanism. Finding the ion species responsible for this EDLlike charge storage is crucial to understand the full picture of the charge storage mechanisms of the Ti3C2Tx MXene electrode in the acidic electrolyte, which can be accomplished by electrochemical quartz crystal microbalance measurement.

Electrochemical quartz crystal microbalance (EQCM) measurement

Three possible EDL charging mechanisms have been proposed in the literature, namely counter-ion adsorption, co-ion desorption, and ion exchange. [29][30] The EQCM data was treated based on the Sauerbrey equation:

∆𝑚 = -𝐶 𝑓 ∆𝑓 (IV -4)
where Δm is the change of mass of the coating (ng) and Cf is the sensitivity factor of the crystal (in ng Hz -1 ), and Δf is the change of frequency (in Hz). The sensitivity factor of the coated quartz was obtained by performing a copper deposition experiment conducted in 0.1 M CuSO4 mixed with 1 M H2SO4 by applying a constant current of 5 mA for 120 seconds. According to Faraday's law, the mass of copper deposit m was given:

𝑚 = 𝑄𝑀 𝑤 𝑛𝐹 = 𝐼𝑡𝑀 𝑤 𝑛𝐹 (IV -5)
where Q is the total charge (in C), Mw is the molecular weight of copper (63.5 g mol -1 ), n is the valence number of the ion (in this case is two), I is the applied current (in A), t is the time (in s), and F is the Faraday constant (96485 C mol -1 ). The EQCM calibration result was presented in Figure IV-14, the Cf was calculated to be 14 ng• Hz -1 (or 11.02 ng• Hz -1 cm -2 , taking into account the Au crystal electrode surface of 1.27 cm 2 ) and used in this chapter. For the consistency of the results, few cycles were run before starting EQCM measurements to reach a steady-state electrochemical signature. condition. Therefore, the hysteresis observed between positive and negative scans is likely due to kinetic limitations, such as ion adsorption and desorption processes. 35 A previous EIS study demonstrated that the potential of zero charge (pzc) of similar Ti3C2Tx MXene in H2SO4 electrolyte is close to -0.2 V vs. Hg/Hg2SO4 reference electrode. 36 Since the motional resistance is constant, Sauerbrey's equation was used to plot the electrode mass change during polarization (Figure IV-16b)a negative scan was selected because it was less prone to oscillation because of hydrogen evolution. 37 From -0.25 to -0.55 V (vs. Hg/Hg2SO4), the calculated mass increases, corresponding

to the intercalation of ions in-between MXene layers and ions adsorption on the electrode surface.

A previous in situ XRD study of Ti3C2Tx MXene in H2SO4 reported a maximum change of 0.2 Å of the interlayer spacing during the intercalation process. 8 Given the large size of bare SO4 2-ions (4.36 Å), 38 such a low interlayer spacing change suggested at that time that SO4 2-ions were not involved during the intercalation (cathodic) process. In our experiments, a nearly linear increase of mass versus accumulated charge is observed within the potential range of -0.35 to -0.55 V (vs. Hg/Hg2SO4), as presented in the orange area of Figure IV-16b. According to Faraday's law, the average molecular weight per charge (z=1) from the orange area is calculated to be 14 g mol -1 , very close to the molecular weight of hydronium H3O + (19 g mol -1 ). Hence, these results suggest the intercalation of H3O + and H + ions to occur during negative polarization, in agreement with the high concentration of protons, such as proposed in a previous paper using in situ Raman technique. 6 Besides, the proton of intercalated H3O + contributes to the redox reactions, possibly being transported via a Grotthuss mechanism through the H2O layer, explaining the lower molecular weight calculation from the EQCM test. Indeed, the hypothesis that proton transfer following the Grotthuss mechanism was also in agreement with a recent simulation work. 10 The simulations were performed with LAMMPS molecular dynamics code package 39 and the ClayFF force field is employed to determine the interaction between the atoms 40 . The relevant force field parameters could be found in previous works. [41][42][43] Canonical ensemble (NVT) with 300 K target

Molecular dynamics (MD) simulations of Ti3C2Tx MXene electrodes

Chapter IV Unraveling the charge storage mechanism of Ti3C2Tx MXene electrode in acidic electrolyte 129 temperature is utilized. The particle-particle particle-mesh scheme in k-space is utilized to calculate the long-range electrostatic interactions. All simulations are simulated with a long enough time 3 ns to ensure the structure could adequately converge. 

Simulation results and discussions

The initially calculated equilibrium c-LP of pure P-MXene and 500-MXene is 20. and g for 500-MXene, respectively. In the case of 500-MXene, water molecules and hydronium ions form a compact and well-organized layer (Figure IV-20d and g), providing a hydrogen-bonded water network for rapid proton transfer. This rapid proton transfer may be explained by a Grotthuss mechanism, as suggested by recent simulations. [14][15] For the P-MXene, the higher content of -OH existing on the outermost surface significantly disturbs the hydrogen bond network of the interlayer molecules, slowing down the proton transfer kinetics. suggest that the formation of a hydrogen bond network containing well-organized H2O layers inbetween the MXene layers favors fast proton transportation, thus giving further evidence to the key role of the intercalated water molecules to the high-rate performance recorded for 500-MXene.

In addition, we note that previous simulation results suggested the presence of two layers of H2O in-between Ti3C2O2 layers when cycling the MXene electrode in acidic solution 15 , while a single layer of H2O molecule in equilibrium state was found in our simulation in agreement with our XRD results. This may due to different MXene models used for the simulation studies.

To summarize, we used MD simulations by using two different MXene samples (P-MXene and 500-MXene) with more realistic models. Our results showed that there is one layer of H2O inbetween the MXenes layers in the equilibrium state for both P-MXene and 500-MXene, indicating a H2O (and/or H3O + ) intercalation during the electrochemical polarization in acidic electrolyte.

Moreover, the content of -OH termination groups affects the probability distributions of the water molecular dipole orientation inside MXene layers. Reducing the content of -OH termination groups could help to form a well-organized hydrogen bond network, thus beneficial the proton transfer, leading to enhanced high-rage performance. These results in good agreement with our experimental observations.

Conclusion

In this chapter, a study combining experimental (electrochemical measurements, ex situ and in situ techniques) and molecular dynamics simulation works was conducted to understand the pseudocapacitive behavior of Ti3C2Tx MXene in H2SO4 electrolyte.

We showed that annealing treatments can modify the presence of pre-intercalated water molecules and termination groups of MXene without decomposition of Ti3C2, making these thermaltreated MXenes great candidates for studying the charge storage mechanisms. By combining the data from XRD and ECQM test, we demonstrated that H2O molecules confined in-between MXene layers have turned out to play a key role in the charge storage process of Ti3C2Tx MXene, triggering the redox activity of Ti and enabling the fast charge compensation through an increase of the transportation rate of protonlikely via a Grotthuss mechanism. Indeed, the role of confined H2O in-between the MXenes have been highlighted previously. [13][14][15] However, our findings here provide direct experimental evidence that intercalated H2O molecules not only contribute but are essential to activate the Ti redox reaction and the associated pseudocapacitive mechanism of MXene in acidic electrolyte. The influence of the -OH termination group content was also discussed. Our MD simulation results suggested that while the presence of -OH is necessary to promote H2O molecules intercalation in-between the MXene layers, a large amount of -OH is assumed to break the organization of the H2O molecules, resulting in a decrease of the proton transport rate and thus a limited power performance for Ti3C2Tx electrode.

While this work focuses on Ti3C2Tx MXene in the H2SO4 electrolyte, it should apply to other kinds of MXenes, such as Ti2CTx, Nb2C3Tx, V2C2Tx, etc. This chapter offers an opportunity to push further the high-rate performance of MXenes electrodes in aqueous electrolytes by optimizing the termination groups.

Introduction

Following MXene that can be prepared by this method. With such processing, we also show that, for instance, MXene could be obtained from MAX phases with A = Ga. The obtained MXene have different terminations groups compared with the conventional HF etching route, leading to an enhanced electrochemical performance with high Li + storage capacity combined with high-rate performance in non-aqueous electrolyte, which makes these materials promising electrode materials for high-rate performance battery and hybrid devices such as Li-ion capacitor applications. [6][7] This method allows for producing new 2D materials that are difficult or even impossible to be prepared by using previously reported synthesis methods like HF etching. As a result, it expands further the range of MAX phase precursors that can be used and offer important opportunities for tuning the surface chemistry and the properties of MXenes.
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Ti3C2Tx MXenes prepared from Lewis acid molten salt route 2.1 Synthesis of Ti3C2Tx MXene

The synthesis process is illustrated in Specifically, 1 g of Ti3SiC2 MAX phase powders and 2.1 g of CuCl2 powders were mixed (with a stoichiometric molar ratio of 1:3) and ground for 10 minutes. Then 0.6 g of NaCl and 0.76 g of KCl were added into the above mixtures and ground for another 10 minutes. Afterward, the mixture was placed into an alumina boat, and the boat was then put into an alumina tube with argon-flow.

The powder mixture was heated to 750°C with a heating ramp of 4°C min -1 , and hold for 24 h.

Chapter V A general Lewis acidic etching route for preparing MXenes with enhanced electrochemical performance in non-aqueous electrolyte 140 Afterward, the obtained products were washed with deionized water (DI H2O) to remove salts, and MXene/Cu mixed particles were obtained. The mixtures of MXene/Cu were then washed by 0.1 M (NH4)2S2O8 solution (APS) to remove the residual Cu particles. 8 The resulting solution was further cleaned by deionized water (DI H2O) and alcohol for five times and filtered with a microfiltration membrane (polyvinylidene fluoride, 0.45 μm). Finally, the MXene powders (denoted as MS-Ti3C2Tx)

were dried under vacuum at room temperature for 24 h. 

Ti3SiC2 + 2CuCl2 → Ti3C2 + SiCl4(g)  + 2Cu (V-1) Ti3C2 + CuCl2 → Ti3C2Cl2 + Cu (V-2)
The melting point of CuCl2 is 498 o C, which means the CuCl2 salt reaches a molten state at the reaction temperature (750°C). When Ti3SiC2 MAX precursor is immersed in molten CuCl2, the exposed Si atoms weakly bonded to Ti in the Ti3C2 sublayers are oxidized into Si 4+ cation by Lewis acid Cu 2+ , resulting in the formation of the volatile SiCl4 phase (Tboiling=57.6°C) and concomitant reduction of Cu 2+ into Cu metal (equation V-1). Similar to what has been recently reported 5 , extra Cu 2+ partially reacts with the exposed Ti atoms from Ti3C2 to form metallic copper, while the charge compensation is ensured by Cl -anions to form Ti3C2Cl2 (equation V-2). The formation mechanism of Ti3C2Cl2 from Ti3SiC2 is analog to that of chemical etching of Ti3AlC2 in HF solution 1 : Cu 2+ and Cl -act as H + and F -, respectively. The as-prepared powder of Ti3C2Cl2 and Cu metal were further immersed in APS solution to remove Cu particles from the Ti3C2Cl2 MXene surface, which also results in the addition of O-based surface groups. This final material prepared from this molten salt route will be noted as MS-Ti3C2Tx MXene, where Tx stands for O and Cl surface groups.
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Characterizations of Ti3C2Tx MXene

Phase and morphology

The phase composition of the samples was analyzed by X-ray diffraction (D8 Advance, Bruker)

with Cu K radiation. X-ray diffraction patterns were collected with a step of 0.02° 2θ with a collection time of 1 s per step. XRD patterns of the pristine Ti3SiC2 before (black), and after reaction with CuCl2 at 750°C for 24 h (noted as Ti3SiC2-CuCl2, red) and final product after APS washing 

Chemical composition of MS-Ti3C2Tx

The chemical composition and bonding states of MS-Ti3C2Tx MXene sample were measured by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS ULTRA DLD instrument with a monochromic Al K X-ray source (hv = 1486.6 eV). The power was 96 W, and the X-ray spot size set to 700 x 300 um. The pass energy of the XPS analyzer was set at 20 eV. The pressure of the analysis chamber was kept below 5 x 10 -9 Torr. All spectra were calibrated using the binding energy It is worthy to note that the Cl groups are expected from reaction with the Lewis acid (CuCl2 in equation V-1); while O surface functional groups are formed during the oxidation treatment in APS solution and subsequent washing process. 13 Temperature-programed desorption measurements coupled with mass spectroscopy (TPD-MS) have been achieved on MS-Ti3C2Tx MXene samples, and a comparison was made with TPD-MS Chapter V A general Lewis acidic etching route for preparing MXenes with enhanced electrochemical performance in non-aqueous electrolyte 148 analysis for MXene prepared from conventional etching treatment in HF (noted as HF-Ti3C2Tx, adopted from ref 13). 14 TPD-MS test was performed under an inert atmosphere (Ar, 100 ml min -1 ).

The sample (10-20 mg) was placed in a thermo-balance and heat-treated up to 1300 o C at a rate of 10 o C min -1 . The decomposition products (gas evolved) were monitored by on-line mass spectrometry. Weight loss in % and gas evolution in µmol/g/s are obtained after quantification for H2O, CO, CO2, -OH, Cl and S quantification could not be achieved due to the absence of standards. The TPD-MS analysis was listed as Table V-2. As can be seen from Figure V-7, H2O release observed below 400°C for both samples corresponding to surface adsorbed and intercalated water coming from the washing with water after synthesis 15 . The previous study has shown that HF-Ti3C2Tx MXene decomposes beyond 800°C (Figure V8c). 13 The decomposition of the surface groups present on the HF-Ti3C2Tx MXene surface occurs in the 25-800°C temperature range. Differently from HF-Ti3C2Tx, MS-Ti3C2Tx MXene does not show the presence of -OH surface groups (Figure V8a andb). The absence of any -OH surface groups release for MS-Ti3C2Tx MXene may decrease the hydrophilicity of the surface.

An important CO2 gas release observed for the MS-Ti3C2Tx MXene is assumed to originate from the oxidation by the APS of carbon from Ti3C2. 16 Quantitative analysis of CO2, H2O and CO was achieved from TPD-MS measurements, and the total content in oxygen was found to be 8.2 wt.%, which is lower than that calculated from the multiple elemental analysis techniques (12.2 wt.%, see Table V-4 after), including ICP analysis, CHNO combustion elemental analysis and oxygen flask combustion method. This could be assigned to the incomplete removal of the surface groups in the temperature range analyzed. For the -Cl group, Cl group is stable on Ti3C2 at 750°C, 17 but a trace of Cl release is still detected. There are two different species, one small amount evolving together with hydrogen at temperatures around 800°C (corresponding to around 3 wt.%) and others more thermally stable desorbing at higher temperatures with a maximum at around 1100°C. Beyond 800°C, where the MXene decomposes (Figure V-8c andd), the MS analysis shows the presence of other species including, TiO and SiO, as well as some decomposition products from APS (H2O, N2,

NH3 and SO2 at a lower temperature). However, the quantification of these species was not possible because of the absence of standards. In the 25-600°C temperature range, the weight loss associated with the gas evolution of CO2, CO and H2O (Figure V-8b) accounts for about 15 wt.%, showing that oxygenated groups and adsorbed/intercalated water, together with -Cl groups and -SO2 terminations are the main components of the MS-Ti3C2Tx MXene surface.

Chapter V A general Lewis acidic etching route for preparing MXenes with enhanced electrochemical performance in non-aqueous electrolyte 150 Table V-3 shows the chemical compositions of Ti3SiC2, Ti3C2Cl2-Cu, and MS-Ti3C2Tx (after immersion in APS solution) from EDS analysis. EDS results revealed a Cl and O element content of about 16.5 at.% and 19.8 at.% in the final MS-Ti3C2Tx MXene, respectively. After APS treatment, the Cl content remains unchanged, and the Cu element content is reduced from 10.0 at.% to <0.9 at.%, while the S element content is 0.6 at.% obtained from the (NH4)2S2O8 solution treatment, respectively. The O content is increased to 19.8 at.%, and this may be attributed to water adsorbed during the oxidation treatment in APS solution; importantly, this value is consistent with mass spectroscopy measurements (TPD-MS) results. To summarize, Ti3C2Tx MXenes was prepared from Lewis acidic molten salts etching route by using a MAX precursor of Ti3SiC2, which cannot be achieved with a decent yield through a conventional HF etching method. Differently from the conventional HF-MXene, A composition of Ti3C1.94Cl0.77O1.71 was obtained for the MS-Ti3C2Tx, without any termination groups of -F and -OH.

In the following section, we further generalized the Lewis acidic molten salts etching route to various MAX phase precursors to show the versatility of this method.
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Preparing various MXenes from Lewis acidic molten salts etching route 3.1 Guidelines for select suitable MAX phase precursors / Lewis salts

The capability of Lewis acid to withdraw electrons from A element in the MAX phase can be well reflected from their respective electrochemical redox potential in halide melts. For instance, Si 4+ /Si couple has a redox potential as low as -1.38 V vs. Cl2/Cl -at 750°C. As a result, CuCl2 molten salt (redox potential of -0.43 V vs. Cl2/Cl -) can easily oxidize Si into Si 4+ (etching/exfoliation of MAX phase into MXene). The redox potentials can provide constructive information for selecting the desirable MAX phase and Lewis acids. Furthermore, the Gibbs free energy of the etching reaction involving the MAX phases and Lewis acids at a certain temperature can also be calculated, which is another guideline for selecting the reactants from the thermodynamic point of view. The present Lewis acid etching process can be then generalized to prepare a broad family of MXene materials by choosing various MAX phases and Lewis acids according to the Gibbs free energy and redox potentials.

Calculations of redox potentials

The electrochemical redox potentials of redox couple in halide melts can serve as another tool to predict the feasibility of the Lewis acidic molten salts etching reaction. Taking Ti3SiC2 in CuCl2 molten salt reaction as an example, the potential of the molten salt Cu 2+ /Cu (-0.43 V vs. Cl2/Cl -) is higher than its counterpart Si 4+ /Si (-1.38 V vs. Cl2/Cl -) at 700°C. The Si-Si bonding of the Ti3SiC2 phase can be easily broken by the strong oxidized Cu 2+ while the strong covalent Ti-C bonding remains unchanged. The redox potentials of the molten salts (V vs. Cl2/Cl -) were calculated from equation V-3 and V-7 in a temperature range of 400-900 o C:

BCln (l) = B(s) + n/2 Cl2 (g) (V-3)
where B represents elements such as Al, Fe, Zn, In, Ga, Ge, Si, Sn, Mn, Cu, Co, Ni, Cd, and Ag, n is the number of exchanged electrons. Gibbs free energy of reaction V-3 was calculated by HSC Chemistry 6.0 18 . Specifically, for the equation V-3 at a certain temperature, the values of Hf (f stands for formation) and Sf can be obtained from the HSC software. Then Gr is given by:

𝛥𝐺 𝑟 = 𝛥𝐻 𝑟 -𝑇𝛥𝑆 𝑟 (V -4)
The potential of the reaction V-3 was obtained from:

𝐸(𝑉) = - 𝛥𝐺 𝑟 𝑛𝐹 (V -5)
where n is the number of electrons, F the Faraday constant, 96,485 C mol -1 . The potential E(V) of the reaction V-3 corresponds to the potential difference between B n+ /B and Cl2/Cl -redox couples.
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Calculations of Gibbs free energy of Lewis reaction (∆𝑮 𝑳𝑹 ).

Generally, the covalent M-X bonding in the MAX phase is very strong, while the M-A boning is much weaker. 19 Hence, we assume that the Ti-C bonding in manuscript equation V-1 remains unchanged during the etching reaction, thus it can be simplified as:

Si + 2CuCl2 = SiCl4 (gas) + 2Cu (V-6)
which can be generalized as:

aA + bBCln = aAClm + m.a/nB + (b-m.a/n)BCln (V-7)
The Gibbs free energies of chlorination (𝐺 𝐿𝑅 ) between A elements from the MAX phases and Lewis salts were calculated using the HSC Chemistry software (HSC 6.0). For instance, 𝐺 𝐿𝑅 value of -371.74 kJ was calculated for equation V-3, which indicates that the reaction is thermodynamically spontaneous. We then generalized the calculations of the Gibbs free energy by changing A-site element in the MAX phases (such as Al, Zn, In, Ga, Si, Sn, and Ge, et al.) and cations of the Lewis salts (such as Mn, Zn, Cd, Fe, Co, Cu, Ni, and Ag). The details are listed in Table V-6. 21 These results demonstrate that the Lewis acidic molten salts etching method can be employed as a universal way to prepare these layered materials. Finally, the possible solubility of the A element in the melt was checked. In cyclic voltammetry, the capacity (C g -1 ) and average capacitance (F g -1 ) of a single electrode are evaluated from the anodic scan using equations of IV-1 and IV-2 in Chapter IV.

In galvanostatic charge/discharge plots, the capacity (C g -1 ) is given by:

Q = 𝑖∆t m (V -8)
where Δt (s) is charging/discharging time.

The initial three cycles of MS-Ti3C2Tx MXene electrode were recorded with a potential window of 0.2-3.0 V vs. Li + /Li at a scan rate of 1 mV s -1 . As shown in Figure V-15, the coulombic efficiency is 50% for the first cycle; the undesirable irreversible capacity at the first cycle corresponds to the SEI layer formation. After several cycles, the coulombic efficiency stabilizes at 98% for a scan rate of 1 mV s -1 .
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Li + /Li) for a negative electrode, drastically limits the interest of MXene materials for (Li-ion) battery applications. Also, Li-ion intercalation/de-intercalation reaction in HF-Ti3C2 MXene is achieved in a sequential way resulting in the presence of sets of redox peaks associated with Li + intercalation in interlayer slits 26 . Instead, the charge storage mechanism in MS-Ti3C2Tx MXene is achieved by a constant current versus applied potential, similarly to what is observed in a pseudocapacitive material, with an almost constant current during reduction and oxidation process in a potential range between 2.2 V vs. Li + /Li and 0.2 V vs. Li + /Li. This CV signature indicates that the MS-Ti3C2Tx

MXene electrode exhibits a pseudocapacitive-like behavior, which would benefit its power performance. As such, a higher capacity can be achieved at a larger potential window, while a narrow potential window translates to a higher capacitance.

Specifically, a maximum capacity of 738 C g -1 (205 mAh g -1 ) is achieved within a full potential range of 2.8 V (from 0.2 to 3 V vs. Li + /Li) with a capacitance to 264 F g -1 . 646 C g -1 (180 mAh g -1 )

can be still delivered within a potential window of 2 V (from 0.2 to 2.2 V vs. Li + /Li) together with a record capacitance of 323 F g -1 for MXene in non-aqueous electrolytes. As a result, the absence of -OH surface groups and the high oxygen content of the MS-Ti3C2Tx

MXene in relation to the specific synthesis route in the molten salt is assumed to explain the capacity improvement. A Ti3C2Tx electrode still delivers 142 mAh g -1 for 280 s discharge time (13 C rate), and 75 mAh g -1 when the scan rate increases for discharge time of 28 s (scan rate of 100 mV s -1 ), which corresponds to capacitance retention of 37% as compared to the value of 0.5 mV s -1 . This highlights the high-rate performance of MS-Ti3C2Tx MXene. Moreover, increasing the active material weight 

Electrochemical performance of MS-Ti3C2Tx in acidic electrolyte

As we mentioned in the previous chapters, Ti3C2Tx MXene has been widely used as pseudocapacitive electrode material in aqueous electrolytes, especially in acidic electrolytes. In Chapter IV, a high pseudocapacitance of 343 F g -1 (corresponding to 95 mAh g -1 ) was achieved by using a Ti3C2Tx electrode derived from the HF-contained etching route in 3 M H2SO4 aqueous electrolyte. We demonstrated that the presence of H2O molecules in-between the MXene layers plays a critical role in the pseudocapacitive behavior, providing a pathway for proton transport to activate the redox reaction of the Ti atoms. More importantly, according to our results in Chapter IV, the presence of the confined H2O molecules is seemed mainly controlled by the -OH termination groups. However, since there is no existence of -OH termination groups in the MS-Ti3C2Tx MXene prepared from the Lewis acid etching method, a MS-Ti3C2Tx MXene electrode may not exhibit a pseudocapacitive redox mechanism in H2SO4 aqueous electrolyte. 

Conclusion

In this chapter, a general Lewis acid etching method was successfully proposed to prepare multilayered MXene materials. Various MXenes were prepared from different MAX phases by the removal of A element using Lewis acid molten salts. This was made possible by selecting suitable MAX phase precursors/Lewis salts considering two parameters: 1) the electrochemical redox potentials of redox couple in halide melts, and ii) the Gibbs free energy of the etching reaction at defined temperatures. The obtained MS-Ti3C2Tx MXene was terminated with -O and -Cl groups, absence of -OH and -F groups that normally exist in aqueous etching solutions containing fluoride ions.

MS-Ti3C2Tx MXenes were further electrochemically characterized in non-aqueous electrolyte (LP30) and aqueous electrolyte (H2SO4). The combination of mirror-like electrochemical signature in non-aqueous Li-ion containing electrolyte, together with high capacity, high-rate discharge and charge performance (less than one minute) and the low operating potential range (0.2-2.2 V vs.

Li + /Li) makes this Ti3C2 MXene prepared from molten salt derivation route relevant as a negative electrode in electrochemical energy storage devices (batteries and Li-ion capacitors). In acidic electrolyte, the pseudocapacitive redox reaction observed with HF-MXene was not observed using MS-Ti3C2Tx MXenes due to the absence of -OH termination groups, thus confirming the results of the pseudocapacitive charge mechanism of Ti3C2Tx MXene in acidic electrolyte proposed in Chapter IV.

As a result, the general Lewis acidic etching route proposed here expands the range of MAX phase precursors that can be used to prepare new MXenes. On top of that, such a synthesis route offers unprecedented opportunities for tailoring the surface chemistry and consequently the properties of MXene materials. Thus, it makes it possible to match the surface chemistry to the electrolyte for better overall performances.

General Conclusions

The main objective of this thesis was to synthesize and characterize 2D Ti3C2Tx MXene materials for electrochemical energy storage applications. Two kinds of synthesized methods were used to prepare MXenes, including HF-contained etching route (note as HF-Ti3C2Tx) and Lewis acidic etching route (note as MS-Ti3C2Tx). The electrochemical performances of these MXenes were investigated in both aqueous and non-aqueous systems, and results showed that MXenes prepared from different methods end up with different termination groups that strongly affect their electrochemical properties. This thesis started with a kinetic study of the pseudocapacitive behaviors of HF-Ti3C2Tx MXene electrodes in aqueous electrolytes, then the electrochemical performances of MS-Ti3C2Tx were evaluated in non-aqueous electrolytes. The set of results collected here not only helped in understanding the electrochemical behavior of MXenes but also pushed further our fundamental understanding of the pseudocapacitive charge storage mechanism. It paves the way toward the design of materials exhibiting both high-rate performance and high capacity, that can be further used to assemble high power batteries or high energy density supercapacitors.

Kinetic study of HF-Ti3C2Tx MXene electrodes in aqueous electrolytes

Dunn's method 1 based on the deconvolution of the current into surface capacitive (changing with v) and diffusion-limited contributions (changing with v 1/2 ) was used to analyze the pseudocapacitive behaviors of Ti3C2Tx electrodes in various aqueous electrolytes. The i-v relationships were conventionally obtained from the cyclic voltammetry (CV) technique, which suffers from ohmic limitations at a high potential scan rate resulting in distorted cyclic voltammograms. To address such concerns, an advanced multiple-step chronoamperometry (MUSCA) method was designed to rebuild the i-v functions with minimized ohmic drops, to reach a better definition of the electrochemical signaturepeak positions and separation are improved.

The MUSCA method relies on minimizing the potential distribution inside the volume of the studied electrode during the potential step, to reach a homogeneous state of charge at the end of each potential step. The contributions of the surface and bulk processes to the total charge in the MXene electrode were obtained by using the i-v functions obtained from the MUSCA method. In acidic electrolytes, the surface process dominates at a higher scan rate of 100 mV s -1 (80% of the total current), while the bulk process takes over at a low scan rate lower than 2 mV s -1 (60% of the total current). A similar trend was obtained in alkaline electrolytes. In neutral electrolyte, the surface process dominates the MXene electrode kinetics at both high and low scan rates, which consistent with the capacitive signature (rectangular shape) of the CV plots.

Charge storage mechanisms of HF-Ti3C2Tx MXene electrodes in H2SO4

The charge storage mechanism of Ti3C2Tx MXene electrodes in H2SO4 was investigated by combining electrochemical measurements, ex situ and in situ techniques (XRD for instance In the last part, we proposed a general Lewis acidic etching route to prepare MXenes from a wide expanded range of MAX phases. To date, around 155 MAX phase compositions have been reported from conventional etching route based on F-containing electrolytes. 4 Our new synthesis method opens new paths to prepare MXenes with improved performance in non-aqueous electrolyte, where the energy density can be greatly improved. Moreover, although enhanced electrochemical performances were obtained, the charge storage mechanism remains incomplete and more insights regarding the role of the M metal (Ti, Nb…) and surface terminations for Li + storage are then needed.

Last but not least, the Lewis acidic etching route offers great opportunities to tune the surface chemistry by careful selection of suitable etchant, as demonstrated by a very recent report in the Science journal following our work 5 ; this can then benefit to a broad range of applications beyond electrochemical energy storage, such as catalysis, sensors, electromagnetic interference shielding, water treatment, etc. 4 En outre, ils peuvent se dé charger et se recharger sur un million de cycles. Ils sont aujourd'hui utilisé s dans un large é ventail d'applications où une puissance é levé e est né cessaire, comme la ré cupé ration d'é nergie. [5][6] Toutefois, la densité é nergé tique limité e (~10 Wh kg -1 pour les meilleurs dispositifs commerciaux) entrave encore le dé veloppement de cette technologie.

On comprend alors le grand inté rê t porté au dé veloppement de maté riaux actifs qui ré pondent simultané ment aux besoins de haute é nergie (batteries) et de haute densité de puissance (supercondensateurs). Les maté riaux pseudo-capacitifs incarnent une vé ritable piste de recherche, car ils offrent une capacité supé rieure à celle des EDLC grâ ce à des ré actions faradiques, et des performances plus rapides que les piles en raison de leurs mé canismes de stockage d'é nergie capacitifs. 3 De nombreux maté riaux pseudo-capacitifs ont é té ré pertorié s, tels que les oxydes mé talliques, les polymè res conducteurs, les sulfures bidimensionnels (2D) et les carbures mé talliques (MXenes). Par exemple, une capacité volumé trique ultra-é levé e au-delà de 1500 F cm - Le chapitre V pré sente une nouvelle mé thode de synthè se pour pré parer des maté riaux multicouches de MXene avec des groupes fonctionnels de surface contrôlé s, permettant d'amé liorer les performances é lectrochimiques dans un é lectrolyte non aqueux.

La derniè re section ré sume les conclusions gé né rales et donne des perspectives d'avenir inspiré es par ces travaux.

Chapter I

Les systè mes é lectrochimiques les plus couramment utilisé s sont les batteries, condensateurs é lectrochimiques (CE, é galement appelé s supercondensateurs) et dispositifs hybrides (HD), qui diffè rent selon les mé canismes de stockage de la charge impliqué s. De maniè re gé né rale, il existe trois principaux types de maté riaux actifs utilisé s pour les dispositifs é lectrochimiques, à savoir les maté riaux de type batterie, les maté riaux capacitifs et les maté riaux pseudo-capacitifs. 7 Les maté riaux de type batterie stockent l'é nergie via des ré actions faradiques avec des é lectrolytes, qui engendrent gé né ralement des interconversions chimiques et des changements de phase, fournissant un supplé ment d'é nergie é levé . 1 Cependant, ces ré actions faradiques de type batterie subissent une ciné tique lente et des processus irré versibles, conduisant à des performances de puissance et une duré e de vie limité es. 1 En revanche, les maté riaux capacitifs stockent la charge à l'interface é lectrode/é lectrolyte, via une sé paration de charge par un processus physique d'adsorption/dé sorption des ions, connu sous le nom de condensateurs é lectrique à double couche (EDLC). Dans l'idé al, la capacité est obtenue par un processus capacitif non faradique, puisqu'il n'y a pas de transfert d'électrons à l'interface lors de l'accumulation des charges, ce qui se traduit par une dé pendance liné aire de la charge stocké e avec la variation de potentiel. Ces mé canismes de stockage rapides et hautement ré versibles font du maté riau capacitif un bon candidat pour stocker et dé livrer des puissances é levé es un grand nombre de cycles. Cependant, la densité é nergé tique des maté riaux capacitifs est souvent d'un ordre de grandeur infé rieur à celle des maté riaux de type batterie. Les maté riaux pseudo-capacitifs tirent leur é nergie de ré actions d'oxydoré duction rapides et non ciné tiquement limité es, ce qui leur confè re des comportements é lectrochimiques similaires à ceux des é lectrodes capacitives. 7 Par consé quent, les maté riaux pseudo-capacitifs peuvent se charger/dé charger beaucoup plus rapidement que les maté riaux de type batterie tout en pré sentant une é nergie plus é levé e par rapport aux EDLC. 3 Ce type de maté riaux actifs offre la possibilité d'un compromis entre densité s d'é nergie et de puissance é levé es.

Ré cemment, les carbures, carbonitrures et nitrures (MXenes) de mé taux de transition bidimensionnels (2D) ont é té identifié s comme des maté riaux prometteurs pour les applications de stockage d'é nergie pseudo-capacitif grâ ce à des proprié té s uniques, telles qu'une haute conductivité é lectronique et ionique intrinsè que, une surface hautement accessible et la pré sence de sites actifs redox. 8 Par exemple, une capacité volumé trique ultra-é levé e au-delà de 1500 F cm -3 peut ê tre obtenue avec des MXenes Ti3C2Tx lorsqu'ils sont utilisé s comme é lectrodes CE dans des é lectrolytes acides aqueux, et une puissance é levé e est possible en concevant des é lectrodes MXenes 3D spé cifiques, poreuses ou aligné es verticalement. 8 Toutefois, l'é troite fenê tre de potentiel qui peut ê tre atteinte dans les é lectrolytes aqueux qui subissent une décomposition de l'eau au-delà de 1V limite la densité é nergé tique de ces dispositifs, et par extension leur utilisation dans des applications pratiques.

L'objectif principal de cette thè se é tait de synthé tiser et de caracté riser des maté riaux Ti3C2Tx MXene 2D dans des systè mes aqueux et non aqueux. Les objectifs sont les suivants : a) Caracté risations é lectrochimiques des maté riaux Ti3C2Tx MXene pré paré s en utilisant des solutions aqueuses de gravure contenant du F. L'é tude de ciné tique é lectrochimiques des é lectrodes de Ti3C2Tx MXene sera effectué e dans divers é lectrolytes aqueux. Ce travail explorera é galement le mé canisme de stockage de charge des é lectrodes de Ti3C2Tx dans l'é lectrolyte H2SO4 où les capacité s volumé triques records ont é té rapporté es. b) Trouver de nouvelles straté gies de synthè se pour produire des maté riaux à base de MXene avec une chimie de surface contrôlable. Nous é tudierons dans un premiers temps les proprié té s é lectrochimiques des maté riaux Ti3C2Tx MXene obtenus dans un systè me non aqueux.

Chapter II

Dans ce chapitre, les produits chimiques utilisé s pour les processus de synthè se, les tests é lectrochimiques, et les techniques de caracté risation des maté riaux ont é té dé taillé s.. Des discussions spé cifiques ont é té abordé es concernant les techniques d'analyse é lectrochimique et les principes de fonctionnement de base, tels que la voltampé romé trie cyclique, le test galvanostatique, l'impé dance.

Chapter III

Les 2D Ti3C2Tx MXene ont é té largement é tudié es en tant que maté riaux d'é lectrode pseudocapacitifs dans les systè mes aqueux. 8 Par exemple, un pas de potentiel de 100 mV pour une duré e de 120 s offre une vitesse de balayage minimum de 0.83 mV s -1 ou plutôt de 10 mV s -1 , si l'on considè re uniquement les 10 premiè res secondes.

En effet, pour un pas de 100 mV, la plage de potentiel de 0,0 à -0,9 V (par rapport à l' ré fé rence) ne donne que quelques points pour un cycle de charge/dé charge, ce qui n'est pas suffisant pour reconstruire un tracé de CV. Dans ce cas, cinq mesures ont é té effectué es à partir de diffé rents potentiels initiaux (0.0, -0.02, -0.04, -0.06 et -0.08 V par rapport à l'ER) afin de collecter davantage de points à des potentiels plus é levé s, pour calculer les courbes de CV (voir Figure 1b). La figure 1d montre les CV calculé s sur la base des mesures MUSCA. La principale diffé rence avec les CV expé rimentaux (Figure 1a) est le faible dé calage des pics avec la vitesse de balayage du potentiel pour les CV calculé s. Ces observations soulignent le principal avantage de l'utilisation de la mé thode MUSCA, qui peut fournir des donné es plus pré cises sur la relation i-v pour les é tudes ciné tiques é lectrochimiques. En effet, un dé calage de crê te dans les tracé s de CV enregistré s à diffé rentes vitesses de balayage de potentiel peut ê tre attribué à la chute ohmique ou à une ciné tique intrinsè que lente de l'é lectrode. 14 Dans les mesures MUSCA, un intervalle de temps considé rable permet de faire dé croî tre le courant de ré ponse jusqu'à prè s de 0 avant le passage à la mesure chronoampé romé trique suivante, avec un courant ré siduel faible par rapport à l'é tape de potentiel pré cé dente. Alors que pour le test CV expé rimental, en particulier à des vitesses de balayage é levé es, un intervalle de temps trè s court n'est pas suffisante pour que le courant de ré ponse devienne dé gligeable; ainsi le courant observé à chaque potentiel contient une contribution de courant ré siduel de l'é tape pré cé dente qui s'accumule é tape aprè s é tape pendant l'expé rience. Comme indiqué pré cé demment, ces courants ré siduels renforcent considé rablement l'effet de chute ohmique à des vitesses de balayage é levé es et entraî nent un dé calage de la pointe de courant. 

Chapter IV

Le Ti3C2Tx (Tx= -F, -O, -OH) s'est avé ré ê tre un maté riau approprié pour l'intercalation de cations entre les feuillets de MXene dans les é lectrolytes aqueux, où une capacité volumé trique é levé e peut ê tre obtenue. [15][16] En particulier, les films d'hydrogel Ti3C2Tx dans l'é lectrolyte H2SO4 ont atteint une capacité volumé trique record de 1,500 F cm -3 (à 2 mV s -1 ), dé livrant toujours 800 F cm -3 à une vitesse de balayage de 1 V s -1 . 12 Suite à ces performances impressionnantes, de nombreux travaux ont é té consacré s à la compré hension des mé canismes de stockage de charge des MXenes dans divers é lectrolytes aqueux, y compris les é lectrolytes acides où la capacité la plus é levé e a é té obtenue, mais l'étude reste incomplette. 15,[17][18][19][20] Les mesures de spectroscopie d'absorption des rayons X (XAS) in situ ont montré un changement de l'é tat d'oxydation du Ti pendant l'é lectrochimie dans l'é lectrolyte H2SO4, mettant en é vidence un mé canisme de stockage de charge pseudo-capacitif basé sur le changement de l'é tat redox du Ti suite à l'intercalation de protons. 5 En outre, une protonation des groupes fonctionnels oxygè ne a é té suggé ré e par la spectroscopie Raman in situ 18 Les parties ré elles et imaginaires de l'impé dance pour l'é chantillon de 500-MXene diminuent aprè s cyclage, ce qui est attribué à l'intercalation de molé cules de H2O (amé lioration de la conductivité et de la capacité ioniques) qui amé liore l'accessibilité des protons à la surface du MXene. La diminution de la partie liné aire de l'impé dance dans la gamme des fré quences moyennes (comportement de Warburg) pour l'é chantillon de 500-MXene té moigne de l'amé lioration de l'accessibilité de l'é lectrolyte dans l'espacement entre les feuillets de MXene. Pour sa part, la partie ré elle de l'impé dance de l'é chantillon de P-MXene est lé gè rement ré duite, et la partie imaginaire reste inchangé e dans la gamme des basses fré quences. La capacité des deux é chantillons a é té calculé e à partir des donné es de l'EIS selon une é tude pré cé dente 23 où les flè ches rouges indiquent la direction du balayage. Une pré cé dente é tude par EIS a dé montré que le potentiel de charge zé ro (pzc) du Ti3C2Tx MXene similaire dans l'é lectrolyte H2SO4 est proche de -0.2 V par rapport à l'é lectrode de ré fé rence de Hg/Hg2SO4. 26 L'é quation de Sauerbrey a é té utilisé e pour tracer le changement de masse de l'é lectrode pendant la polarisation (Figure 5c) -le balayage né gatif a é té choisi parce qu'il é tait moins sujet à l'oscillation en raison de l'é volution de l'hydrogè ne. 27 Une augmentation presque liné aire de la masse en fonction de la charge accumulé e est observé e dans la plage de potentiel de -0.35 à -0.55 V (vs Hg/Hg2SO4), comme le montre la zone orange de la Figure 5c. Selon la loi de Faraday, le poids molé culaire moyen par charge de la zone orange est calculé à 14 g mol -1 , trè s proche du poids molé culaire de l'hydronium H3O + (19 g mol -1 ).

Par consé quent, ces ré sultats suggè rent que l'intercalation de l'ion H3O + se produit pendant la polarisation né gative, en accord avec la forte concentration de protons, comme proposé dans un pré cé dent article utilisant une technique de Raman in situ. 18 En outre, le proton de l'H3O + intercalé contribue aux ré actions d'oxydoré duction, é tant transporté à travers la couche d'H2O confiné e, ce qui explique l'obtention d'une masse molé culaire infé rieure. La Figure 10a montre les profils de CV de l'é lectrode MS-Ti3C2Tx MXene enregistré s à 0.5 mV s -1 avec diffé rentes limites de potentiels né gatifs. La signature é lectrochimique est remarquable car elle diffè re de ce qui est aujourd'hui connu pour le MXene conventionnel pré paré à partir d'une attaque dans un é lectrolyte contenant du HF ou du F (appelé HF-MXene) dans des é lectrolytes non aqueux. [38][39][40] Comme le montre la Figure 10b, la ré action d'intercalation/dé sintercalation du Li + dans le HF-MXene [41][42][43][44][45] se produit dans une large fenê tre de potentiel (gé né ralement de 0.05 V jusqu'à 3

V par rapport au Li + /Li). Une fenê tre de potentiel de fonctionnement aussi large, qui se traduit par un potentiel de fonctionnement moyen é levé pour une é lectrode né gative, limite considé rablement l'inté rê t des maté riaux à base de MXene pour les applications de batteries (Li-ion). De plus, la ré action d'intercalation/dé sintercalation des ions Li-ion dans le HF-Ti3C2Tx MXene est ré alisé e de maniè re sé quentielle, ce qui entraî ne la pré sence d'ensembles de pics redox associé s à l'intercalation du Li + dans les espaces interfeuillets. 42 Au lieu de cela, le mé canisme de stockage de charge dans le 
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Figure I- 1 .

 1 Figure I-1. Components of typical EES cell. Adopted from ref 3

Figure I- 2 .

 2 Figure I-2. Examples of different EES systems. Schematic representation of (a) a battery using battery-type

Figure I- 3 .

 3 Figure I-3. Ragone plot showing specific power vs. specific energy for typical EES commercial devices. Times shown along the dashed line are the time constants of the devices collected by dividing energy by power. Two arrows indicate the goal of EES technologies. Adopted from ref. 12 . Dashed lines represent zones where the cyclability of the device is altered in case of symmetric cycling (same charging and discharging rate at 100% depth of discharge).

Figure I- 4 .

 4 Figure I-4. Schematic illustrations of the typical CV profiles (up) and GCD curves (bottom) characteristics of (a and d) a battery, (b and e) a capacitive asymmetric supercapacitor, and (c and f) a hybrid capacitor.

  voltage and capacity. Differently from batteries, rectangular-shaped CV curves (Figure I-4b) and triangular-shaped GCD curves (Figure I-4e) can be observed for ECs, for both electrodes and full device, due to the unique charge storage mechanisms of the capacitive electrodes. In this case, the energy of ECs is related to the operating voltage window and capacitance. Figure I-4c and f present the electrochemical signatures of a hybrid capacitor composed of a battery-type and a capacitive material as the positive and negative electrode, respectively. Although the positive electrode performs as a battery-type electrode, exhibiting redox peaks in CV profile and charge/discharge plateaus in GCD curves, the electrochemical signatures of the full device possess a capacitive-like behavior, showing similar CV and GCD profiles similar to the ECs in Figure I-4c and e. This indicates the evaluations and comparisons of ECs can also be applied to hybrid capacitors, but one should pay extra attention to the comparison about performance characteristics such as capacitance values due to slight redox peaks in CVs and non-linear GCD profiles. As a general idea, capacity (in Coulomb) should be preferred as the standardized unit versus capacitance (Farad) for pseudocapacitive materials, since redox reactions are involved.

Figure I- 5 .

 5 Figure I-5. Charge/discharge profiles of an ideal battery (LIB), an ideal EDLC. The area under the discharge profile gives the energy levels of these devices. Adopted from ref 15 .

  Indeed, one major flaw of the Gouy-Chapman model is to consider point charges which can virtually approach the surface at zero distance leading to an infinite capacitance. To address these issues, Stern modified the Gouy-Chapman model by considering an actual size for ions which lead to an additional compact layer (Stern layer) in series with the diffuse layer (Figure I-6c); 24 the compact layer is identical with the Helmholtz layer from the physics point of view, which thickness is xH (in m). The EDL capacitance of this Gouy-Chapman-Stern model is given by:

Figure. I- 6 .

 6 Figure. I-6. Schematic diagrams of EDL models based on the positive polarized (𝜙 𝐸 ) 2D electrodes in an electrolyte with solvent: (a) Helmholtz model (b) Gouy-Chapman model, and (c) Gouy-Chapman-Stern model. The dash lines indicate the potential drops (𝜙) in each model. Bottom insets present the simplified equivalent circuits. DEL formation of ionic liquid electrolytes by a simple phenomenological theory: (d)Overscreening effect at a moderate voltage, 𝑉 = 10𝑘 𝐵 𝑇 ∕ 𝑒 (0.26 V) and (e) Crowding effect at a high voltage, 𝑉 = 100𝑘 𝐵 𝑇 ∕ 𝑒 (2.6 V). d and e adopted from ref.27 

  Partial ion desolvation was proposed to explain the enhanced capacitance in sub-nanometer pores: thanks to the distortion of the solvation when entering nanosized pores, the ions could get closer to the carbon walls so that the d in equation (I-8) is decreased (Figure I-7c), confirming previous experimental observations made on nanoporous carbons under polarization.44,[START_REF] Vix-Guterl | Electrochemical energy storage in ordered porous carbon materials[END_REF][START_REF] Ohkubo | Restricted hydration structures of Rb and Br ions confined in slit-shaped carbon nanospace[END_REF] Later on, by monitoring the potential change of each electrode of a symmetric system using a third silver quasi-reference electrode, Chimiola et al measured a different EDL capacitance behavior at the negative and positive electrode,[START_REF] Chmiola | Desolvation of Ions in Subnanometer Pores and Its Effect on Capacitance and Double-Layer Theory[END_REF] which confirmed partial desolvation during the charge/discharge process.

Figure I- 7 .

 7 Figure I-7. Plots of specific capacitance normalized by SSA vs. average pore size obtained from for various CDCs electrodes in 1.5M TEABF4 in ACN (a) and (b), and in EMITFSI ionic liquid (d). Please note: SSA obtained from BET method for (a) and (d), and DFT method (b). (c) Plots of normalized capacitance vs. the average distance from the charge ion center to the pore wall of various CDCs. (a), (b), and (c) are reproduced from ref 46 , (d) is reproduced from ref 54 .

Figure I- 8 .

 8 Figure I-8. Schematic illustrations (top views) of (a) an electric double-cylinder capacitor based on mesopores and (b) an electric wire-in-cylinder capacitor based on micropores. Reprinted from ref 57 . Schematic illustrations of (c) cross-section of an exohedral capacitor, and (d) steric views of 0D spheres (top)

  Depending on different pore shapes, the models of endohedral capacitor -when the electrolyte ions enter inside of the pores (see Figure I-8a and b) -and exohedral capacitor -ions located on the outer surfaces of carbons (See Figure I-8c and d) -were proposed. 56 Huang et al. proposed the first simple, heuristic model for nanoporous carbon-based

  Equations I-13 and I-14 indicate that the surface normalized capacitance depends on both the pore sizes of the nanoporous carbon and electrolyte ion size. The linear C vs. A relationship suggested by the classical 2D model is not expected in the present EDCC/EWCC model, because of the curvature effects. Exohedral capacitors can be formed on the outer surface of exohedral carbons. Figure I-8c gives the schematic illustration of a negatively charged exohedral capacitor, such as expected from the EDL charge of 0D OLCs and 1D CNTs (Figure I-8d).[START_REF] Huang | Curvature effects in carbon nanomaterials: Exohedral versus endohedral supercapacitors[END_REF] For 0D OLCs, solvated counterions accumulate on the outer spherical surface under the polarization to form an exohedral electric double-sphere capacitor (xEDSC). In the case of 1D CNTs, an exohedral electric double-cylinder capacitor (xEDCC) of solvated counterions was formed between the solvated counterions and carbon walls. The surface-area normalized capacitance of xEDSC and xEDCC is given by:

  with a lower energy density. As indicates in FigureI-9, pseudocapacitive materials could offer potential opportunities to achieve high energy and power density at the same time, thus fill the gap between EDLCs and batteries.

Figure I- 9 .

 9 Figure I-9. Specific energy vs. charging time for a Li-ion battery and an EDLC. The grey region represents the opportunity for high-rate pseudocapacitive materials in the time domain of 10 s to 10 minutes. Adopted from ref.16 

20 )

 20 About a decade later, a thin RuO2 film electrode was studied in the acidic electrolyte by Trasatti et al. and a capacitive-like rectangular CV profile (Figure I-10a) was recorded in this faradic reaction involving the oxidation states change of Ru 94 :

Figure I- 10 .

 10 Figure I-10. CV profiles of (a) RuO2 film in 1 M HClO4 at a scan rate of 40 mV s -1 , 94 and (b) MnO2 electrode in 1 M KCl at a scan rate of 5 mV s -1 .[START_REF] Lee | Supercapacitor behavior with KCl electrolyte[END_REF] 

Figure I- 11 ,

 11 the electrochemical signature at a higher scan rate of 50 mV s -1 (corresponding to a discharging time of 40 s) was identical to the low scan rate of 2 mV s -1 , indicating an excellent high-rate capability.An electrochemical kinetic study of a 40 μm-thick T-Nb2O5 electrode further demonstrated that there are no diffusion limitations of this Li + intercalation at the time scale of few tens of seconds, confirming the pseudocapacitive charge storage mechanism.100 

Figure I- 11 .

 11 Figure I-11. CV profiles of T-Nb2O5 film electrode at a scan rate of 2 and 50 mV S -1 in nonaqueous Li +contained electrolyte.[START_REF] Brezesinski | Pseudocapacitive contributions to charge storage in highly ordered mesoporous group V transition metal oxides with iso-oriented layered nanocrystalline domains[END_REF] 

Figure I- 12 .

 12 Figure I-12. Illustrations of the three types of pseudocapacitance (a-c) and their corresponding CV profiles and reactions (d-f): (a) adsorption pseudocapacitance, (b) redox pseudocapacitance and (c) intercalation pseudocapacitance. CV profiles of (d) a Pt (110) surface in 0.1 M aqueous HClO4, (e) RuO2• 0.5H2O in 0.5 M aqueous H2SO4, and (f) T-Nb2O5 in a nonaqueous Li + electrolyte. Adopted from 6 .

Figure I-

  Figure I-13a, if the diffusion limitation in the bulk battery-type materials could be lifted by certain approaches (such as reduced the particle size of LiCoO2 in ref.101), the resulted pseudocapacitance can then be interpreted as extrinsic pseudocapacitance. Another typical example of extrinsic pseudocapacitance can be found in a recent work reported by Kim et al., they demonstrated pseudocapacitive charge storage of α-MoO3 electrode achieved by the introduction of oxygen vacancies. 102 On the other hand, the intrinsic pseudocapacitance refers to these materials that display pseudocapacitive behavior in the thick electrode or bulk size, as the T-Nb2O5 electrode shown in Figure I-13b.

Figure I- 13 .

 13 Figure I-13. Schematic representations and corresponding CV curves of extrinsic and intrinsic pseudocapacitance. Electrochemical responses that appear to be pseudocapacitive in a thin film or with nanostructuring but become diffusion-controlled in bulk particle electrodes are classified as (a) extrinsic pseudocapacitance. (b) Intrinsic pseudocapacitance shows no diffusion limitation in both thin-film and bulk particle electrodes due to fast ion diffusion. Adopted from ref 6 .

Figure I- 14 .

 14 Figure I-14. Periodic table of the elements showing the updated MAX phase compositions, including the recently reported novel MAX phases with A = Co, Ni, Cu, Zn, etc.; Mn and Fe may appear in either M or A position. 139-140

Figure I- 15 .

 15 Figure I-15. Synthesis and processing of MXenes. (a) Schematic showing the etching and exfoliation processes of the MAX phase (here M2AX). Scanning electron microscope (SEM) images of a(i) MAX phase particle and a(ii) multilayers MXenes. a(iii) gives the transmission electron microscope (TEM) image of a single MXene layer after exfoliation. (b) Processing of MXenes in different methods: vacuum filtration, spin coating, and spraying coating. (i-iii) are digital photographs of the resulting samples. Adopted from ref 144 .

  hydrochloric acids (HCl) with sodium fluoride (NaF),148 ammonium hydrogen fluoride (NH4HF2),149 and ammonium dihydrogen fluoride in organic polar solvents.150 To avoid the use of hazardous HF containing solutions, other methods such as hydrothermal treatment in aqueous sodium hydroxide (NaOH) solution 151 or thermalassisted electrochemical etching 152 were developed. While these methods can be successfully used for Al-containing MAX phases (Al as the A element), as presented in Figure I-15a, other MAX phases (with A = Si, Ga, Ge, Sn, and so on) are still difficult to be etched. Also, the electrochemical performance of NaOH-prepared MXene is not at the same level as HF-prepared MXene due to the high content of O-containing surface groups as the result of the oxidation of MXene.151 Recently, Li et al. reported the synthesis of Ti3ZnC2 MAX phase by reaction of Ti3AlC2 in ZnCl2 Lewis acidic molten salt at 550°C, via a replacement reaction mechanism. 153 Ti3ZnC2 could be further transformed into Ti3C2Cl2 MXene when increasing the MAX:ZnCl2 ratio. However, the formation mechanism of Ti3C2Cl2 MXene is not fully understood from the chemical point of view; since the molten salt and the MAX phase shared the same element (Zn), a reaction mechanism assuming the existence of a low valence Zn2 2+ cation was proposed.Also important to note is that a change in the synthesis route of MXenes may result in a noticeable difference in surface terminations.154 For instance, the surface terminations of HF-or HCl/LiF-etched MXenes mainly contain -O, -OH, and -F. Quantitative nuclear magnetic resonance (NMR) spectroscopy has shown that HF synthesized Ti3C2Tx MXene exhibit almost four times -F termination as well as more -OH and less -O terminations compared to the same Ti3C2Tx MXene prepared in a mixture of HCl/LiF solution. 155 Also, using the same method with different HF concentrations may result in the variation in surface termination composition.156 MXenes prepared by NaOH hydrothermal treatment 151 or electrochemical etching 152 show no -F termination on the surface. Annealing treatment of MXene under vacuum or various gas atmospheres was turned out to be an effective route to manipulate surface terminations.[157][158][159][160] Persson and colleagues reported the possibility of defluorination by heating in a vacuum and further exposed to oxygen gas at 450 o C to fully oxidized the surface.160 Both theoretical and experimental investigations show that the change in surface chemistry has important effects on the resulting physical or chemical properties (e.g., conductivity and chemical redox activity).157,159,161 For instance, the hydrophilicity of MXenes depends greatly on the surface terminations: MXenes prepared by HF or HCl/LiF are typically hydrophilic due to the existence of -OH or -O functional groups,147, 162 which can be turned hydrophobic by further removal of these groups upon thermal treatment.163 

Figure I- 16 .

 16 Figure I-16. Electrochemical signature of MXene in aqueous electrolytes. (a) Cyclic voltammograms at 2 mV s -1 for a 25-µm -thick d-Ti3C2Tx paper electrode in sulfate aqueous electrolytes; (b) Cyclic voltammetry data collected at scan rates from 10 to 100,000 mV s -1 for a 90-nm-thick Ti3C2Tx MXene; (c) SEM image of (top panel) Ti3C2Tx MXene hydrogel cross-section and (down panel) macroporous templated Ti3C2Tx electrode cross-section. Scale bars: 5 µm. Insets show a schematic representation of the ionic current pathway in electrodes of different architectures; (d) Schematic illustration of ion transport in horizontally stacked and vertically aligned Ti3C2Tx MXene electrodes; (e) Cyclic voltammograms of the indicated samples at a scan rate of 100 mV s -1 . Figures adapted from ref 162,165-166,169 .

  et al. tested MXene/carbon nanotube (MXene/CNT) composite electrodes in several organic electrolytes, including 1 M EMI-TFSI, 1 M EMI-BF4, and 1 M TEA-BF4 in acetonitrile. 172 A potential window of 1.8 V was achieved, together with a limited maximum capacitance of 80 F g -1 (245 F cm -3 ). CNTs were used here to avoid the restacking of the MXene electrode film obtained by vacuum filtration and enhance the accessibility of the MXene surface to electrolyte ions, including those of large size. Interestingly, a pair of redox peaks were observed, which could be ascribed to the intercalation of cations. Later on, Lin et al.171 prepared a Ti3C2Tx MXene electrode preintercalated with a neat ionic liquid electrolyte (EMI-TFSI) that could deliver high power capability within a 3 V voltage window with a capacitive electrochemical signature; however, the capacitance was still limited and reached only 80 F g -1 . Moreover, similar redox peaks were also observed in the CV profiles of the electrode when tested in a three-electrode cell set-up, as presented in Figure I-17a. Further in situ X-ray diffraction (XRD) analysis indicated a reversible expansion of the interlayer spacing during negative polarization while a reversible shrinkage occurs during positive polarization. Such behavior was explained by the reversible (de)intercalation of EMI + cations at the Ti3C2Tx negative electrode and EMI + cation/TFSI -anion exchange at Ti3C2Tx positive electrode (Figure I-17b).[173][174] This charge-storage mechanism was later confirmed by molecular dynamic simulations.175 

Figure I- 17 .

 17 Figure I-17. MXene EC electrodes in conventional non-aqueous electrolytes. (a-b) Ti3C2Tx electrode in neat EMI-TFSI ionic liquid electrolyte, (a) Cyclic voltammetry profile of at 20 mV s -1 in the -1.5 to 1.5 V vs. Ag potential range; (b) Schematic of the charge storage mechanismcation insertion at negative polarization and cation desertion and/or anion insertion at positive polarization. (c-d) Combination of in-situ electrical dilatometry and cyclic voltammetry at 1 mV s -1 sweep rate. The expansion/contraction is normalized to the equilibrium thickness (after 24 h) at 0 V vs. carbon. (c) In EMI-TFSI and (d) in BMIM-BF4. Insets: full-range CV with related displacement with arrows indicating the direction of potential sweeping. The figure is adapted from ref 173-174,176 .

  reported by Dunn et al., metal oxides such as α-MoO3 and T-Nb2O5 can be used as lithiumion host via ultrafast lithium-ion (de)intercalation in Li-ion battery electrolytes, without diffusion limitations. 177-178 Those materials offer great promise to enhance the rate capability (in charge and discharge) of Li-ion batteries. Considering their accordion-like open structure and metallic conductivity, MXenes were expected to be good candidates for fast Li-ion intercalation. As a result, since the first publication of MXenes by Naguib and colleagues from Barsoum's and Gogotsi's groups, MXene has been extensively studied as a negative electrode for Li-ion battery applications. 179-182 Figure I-18a shows a typical CV of a Ti3C2 MXene electrode prepared from etching in HF-or F-containing solution (noted as HF-MXene). 182 The lithium intercalation/deintercalation reaction (Figure I-18a

Figure I-18c

  Figure I-18c shows the CV of a V2C MXene electrode in 1 M Na-PF6 in EC/DMC. 184 A set of redox peaks associated with Na + intercalation/deintercalation reaction is visible at about 2.5 V vs. Na + /Na, on top of a rectangle-shaped capacitive signature from 1 to 3 V vs. Na + /Na. A similar electrochemical process was also observed with the Ti2C MXene electrode in 1 M Na-PF6 in EC/DEC, where a reversible capacity of 175 mAh g -1 could be delivered in a 0.1 -2.3 V potential range. 186 Kajiyiama et al. found that the intercalation distance in the MXene electrode was expanded by the first sodiation process because of desolvated Na + intercalation and solvent molecule

Figure I- 18 .

 18 Figure I-18. MXene electrodes in lithium or sodium-containing organic electrolytes. Cyclic voltammetry profiles of (a) Ti3C2Tx in 1 M LiPF6 dissolved in 1:1 EC:DEC electrolyte; 182 (b) Ti2CTx and Ti3C2Tx in 1 M LiPF6 dissolved in 1:1 EC:DEC electrolyte; 183 (c) V2CTx in 1 M NaPF6 dissolved in EC/DMC (1:1); 184 (d) Ti3C2Tx in 1M Li-TFSI in DMSO, ACN, PC solvents, the original potential vs. Ag wire is converted into potential vs. Li + /Li. 185

Figure II- 1 .

 1 Figure II-1. Schematic sketch of vacuum filtration process to prepare MXene film.

Figure

  photoelectron spectroscopy (XPS, Kratos AXIS ULTRA DLD ), Temperature-programmed desorption mass spectrometry (TPD-MS, Skimmer, Netzsch), X-ray absorption spectroscopy (XAS, Synchrotron SOLEIL), Inductively coupled plasma mass spectrometry (ICP-MS, VARIAN).

Figure II- 2 .

 2 Figure II-2. Schematic diagram of the electrochemical workstation.

Figure II- 3

 3 gives the schematic diagrams of these two cell setups. They are assembled with an active material, a counter electrode, a separator, an electrolyte, two current collectors (one for each electrode), piston plungers for the connection of the cell; a reference electrode is also used in the case of the 3-electrodes cell.

Figure II- 3 .

 3 Figure II-3. Schematic diagrams of 3-electrodes and 2-electrodes Swagelok cell.

Figure II- 4 .

 4 Figure II-4. (a) A typical cyclic potential sweep. (b) CV profile of a carbide-derived carbon-based

Figure

  Figure II-4b gives the current response as a function of cell voltage in a carbon-based EDLC at a scan rate of 20 mV s -1 . As observed, a typical rectangular shaped CV profile was recorded for a capacitive material. Nevertheless, when the scan direction is reversed, because of ohmic losses the current does not increase sharply (as expected) but exponentially. For this reason, in the first approach, an EDLC can be modelized as a simple R-C circuit, as described in Figure II-5.

Figure II- 5 .

 5 Figure II-5. Illustration of a R-C circuit.

(

  see Figure II-6a) or the working electrode and records the response voltage or potential as a function of time. The cell will be first charged by a constant current ic to the voltage limit and then discharged till the voltage reaches zero. The GCCD curve of a carbide-derived carbon-based supercapacitor (same one in Figure II-3b) was presented in Figure II-6b, a linearly changed voltage curve can be observed which is a typical feature of the capacitive system. The capacitance of the supercapacitor in Figure II-5b is given by:

Figure II- 6 .

 6 Figure II-6. (a) Applied constant current versus time. (b) GCCD curve of carbide-derived carbon-basedsupercapacitor taken at 20 mA cm -2 . Inset gives the voltage drop Vd. b is adopted from ref.2 

Figure II- 7 .

 7 Figure II-7. Nyquist plot of (a) pure resistor, (b) pure capacitor, and (c) R-C circuit in Figure II-4.

  Figure II-8b and c offers an example to distinguish the real charge transfer resistance from the interfacial impedance. One can run multiple EIS tests at different biased potentials, the real charge transfer resistance usually is changing with various potentials (Figure II-8b). While the interfacial impedance would stay in constant in different potentials with some differences in the low-frequency range, as shown in Figure II-8c. 7

Figure

  Figure III-1a shows a photograph of a binder-free Ti3C2Tx dry film obtained by the vacuumfiltered process. The scanning electron microscope (SEM) image of the cross-sectional view (Figure III-1b) of this freestanding Ti3C2Tx film shows a layer-by-layer structure composed of 2D stacked MXene sheets.

Figure III- 1 .

 1 Figure III-1. (a) Optical image of Ti3C2Tx dry film obtained by vacuum filtration with a diameter around 42 mm; (b) Cross-sectional SEM image of Ti3C2Tx dry film.

Figure III- 2 :

 2 Figure III-2: XRD patterns of Ti3AlC2 MAX phase and freestanding Ti3C2Tx dry film.

  Figure III-3a). In these experiments, the cell voltage was controlled in the 0 to -1 V voltage range and the WE potential change from -0.1 V to -1.1 V (vs. RE). This validates the use of an overcapacitive YP50F counter electrode as both the counter and reference electrode. Therefore, we used a more straightforward 2-electrode set-up in the following test.

Figure III- 3 :

 3 Figure III-3: (a) Working electrode (WE) and counter electrode (CE) potentials change vs. time during CV recorded at 5 mV/s. (b) Cyclic voltammograms plots of a Ti3C2Tx MXene film in 3 M H2SO4 electrolyte at various scan rates. The potential refers to the over-capacitive YP50F porous carbon counter electrode.

  Figure III-4a shows the voltage changes versus time in a CV experiment using commercial potentiostats. The black line (Vapp) defines the ideal V-t potential ramp of the WE during the CV test. Practically, the equipment generates a staircase potential of small amplitude (blue line, Vstep) for a very short time. In each potential step, the iR drop has an inevitable impact on the actual voltage, especially under a high scan rate. For a constant R, the real voltage change of the working electrode follows the green line (VΩ) instead of the Vapp (see Figure III-4a). The resistance of the cell is not constant when some redox reactions are involved. In this case, the actual voltage changes VΩ across the electrode (the capacitance) with variable R is presented in Figure III-4b. The differences between VΩ and Vapp will bring uncertainties to the electrochemical kinetic study.

Figure III- 4 :

 4 Figure III-4: Actual voltage across a R-C cell with constant R (a) and variable R (b).

Figure

  Figure III-5b shows an example of the current change with time during potential steps at -0.2 V (vs. RE) and -0.7 V (vs. RE); both current response decay to nearly zero. A faster current decrease was observed at -0.2 V than at -0.7 V, indicating a smaller time constant at -0.2 V.

Figure III- 5 :

 5 Figure III-5: (a) Complete data set for MUSCA test, and (b) expanded plot of the i-t response for a 100 mV potential step. All data collected in 3 M H2SO4.

Figure

  Figure III-3b shows a rectangular-shaped CV in the -0.05 to -0.2 V (vs. RE) potential range, indicating a capacitive behavior. For capacitive behavior, the relationship between the current and the scan rate can be described by:

Figure III- 6 :

 6 Figure III-6: Mean current versus scan rate at -0.2 V (vs. RE). (capacitive region, Figure III-3b) with potential step sizes of 25, 50, and 100 mV, respectively.

Figure III- 7 :

 7 Figure III-7: (a) Calculated CV plots from the MUSCA measurements achieved with a potential step size of 100 mV in 3 M H2SO4. (b) CV plots from CV measurements, taken from Figure III-3b for comparison.

  Figure III-7a shows the calculated CVs based on MUSCA measurements. The key difference between experimental CVs (Figure III-7b) is the small peak shift with the potential scan rate in the calculated

Figure III- 8 :

 8 Figure III-8: Surface and bulk current contributions to the total charge at the potential scan rates of (a) 20 mV s -1 and (b) 2 mV s -1 . The data were collected and calculated from MUSCA measurement in 3 M H2SO4 electrolyte.

Figure III- 9 : 5 . 5 . 1

 9551 Figure III-9: Summary of surface and bulk process contributions to the total current in 3 M H2SO4 electrolyte at various scan rates.

Figure III- 10 :

 10 Figure III-10: (a) Cyclic voltammograms plots from the realistic CV experiment; (b) calculated CV plots form the MUSCA measurement. The proportion of surface process and bulk process contributions to the total charge at scan rates of 20 mV s -1 (c) and 2 mV s -1 (d). All data collected in 1 M KOH electrolyte.

Figure III- 11 :

 11 Figure III-11: Summary of surface and bulk process contributions to the total current in 1 M KOH electrolyte at various scan rates.

Figure III- 11

 11 Figure III-11 summarizes the ratio of the contributions of the two processes versus the potential scan rates. Interestingly, similar trends were observed in 1 M KOH and 3 M H2SO4, while the electrochemical reactions in Ti3C2Tx MXene materials were found to be quite different in acidic and alkaline electrolytes. As mentioned above, the Ti3C2Tx MXene specific capacitance reaches 360 F g -1 in 3 M H2SO4 and 135 F g -1 in 1 M KOH at the scan rate of 2 mV s -1 , respectively. High capacitance in sulfuric acid is achieved thanks to the electrochemical redox reaction involving the change of titanium oxidation state accompanied by protonation of oxygen functional groups. The current increase at the low potential in alkaline electrolyte suggests that a part of the charge is stored by a redox reaction that could involve Ti atoms19 and/or possibly H2O reduction and H2 trapping such as proposed in porous carbons by Beguin et al.20 

Figure III- 12 :

 12 Figure III-12: (a) CV plots from the CV experiment; (b) calculated CV plots form the MUSCA technique.The proportion of surface process and bulk process contributions to the total charge at scan rates of 20 mV s - 1 (c) and 2 mV s -1 (d). All data collected in 0.5 M K2SO4 electrolyte.

Figure II- 13

 13 FigureII-13 gives the ratio of the contributions of the two processes in the full potential scan rate range. Differently from the results obtained in acidic and alkaline electrolytes, the surface process in neutral electrolyte dominates the MXene electrode kinetics at both high and low scan rates. Such a result is consistent with the capacitive signature (rectangular shape) of the CV plots, showing that most of the current comes from the electrochemical double layer contribution.

Figure III- 13 :

 13 Figure III-13: Summary of surface and bulk process contributions to the total current in 0.5 M K2SO4

Figure III- 14 .

 14 Figure III-14. Plot of linear sweep voltammetry charging of a RuCd = 2 s of a RC circuit at 25 (red), 50 (green), and 100 (blue) mV/s. Horizontal lines correspond to MUSCA in/Cdv with a potential step of 25 mV. Adapted from ref20.

Figure III- 8 ,

 8 III-10, and III-12 look similar enough to these CV plots obtained from the experimental CV tests, which clearly rebuts the assertion "MUSCA severely distorts the CV responses". Moreover, as we clearly evidenced in FigureIII-6, one of the key parameters of the MUSCA method is the definition of the height of each potential step, and we clearly showed a 25 mV potential step is too small to achieve realistic results. The same calculation done with a potential step of 100 mV (same amplitude as we used in this project) using equations in ref.22 leads to a mean current value (in/Cdv) up to 98% of the total current, which clearly shows that the assertion from Figure III-14 based on the potential step of 25 mV is totally incorrect regarding the applicability of MUSCA method. Another important concern is that the mathematical model proposed by Costentin et al. describes an ideal case -flat, planar electrode -which does not take into consideration the volume distribution of the reactive sites inside the bulk of a realistic electrode. Indeed, electrodes used for energy storage applications are constituted by a current collector covered with tens of micrometer thick porous films. As a result, there is a potential distribution within the volume of these porous, thick electrodes which drives the electrochemical performance such as established by de Levie 40 years ago, with his famous "De Levie model". 23-24 Differently, the set of equations proposed by Costentin et al. only applies to an ideal case, i.e. a flat, planar, metallic electrode surface uniformly accessible to the ions, with the uniform potential distribution. Such an ideal situation is unlikely to occur in thick, porous (bulk) electrodes used for energy storage applications and the set of equations they propose is too simplistic to correctly describe such a complex situation. Instead, the constant uncompensated resistance Ru and constant capacitance C used by Costentin et al. in their equations should be replaced with a variable resistance Rvar and a non-constant capacitance Cvar both depending on the potential scan rate to depict the situation in a realistic way. Recently, Pilon et al. recently reported a theoretical validation of the MUSCA method by using a continuum modified Poisson-Nernst-Planck model coupled with Frumkin-Butler-Volmer theory to a pseudocapacitive electrode. 25 Differently from Costentin et al., they introduced a potential distribution within the thickness of the electrode in their simulations. They observed that the redox peaks in CV plots calculated from the MUSCA method were almost aligned in a wide range of scan rates (0.1 to 5 V s -1 ), which is similar with our experimental observation in Figure III-7a, confirming
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 3 methylimidazolium tetrafluoroborate (EMImBF4) ionic liquid electrolyte (see FigureIII-15a and b) with the same success, including the successful simulation of the minimum capacitance around 0.25 V (vs. Ag wire). The calculated CVs are well consistent with the experimental CV plots, which suggests again that the MUSCA method is an efficient tool for building back CV profiles in different electrochemical systems.

Figure III- 15 .

 15 Figure III-15. (a) Cyclic voltammograms plot from the realistic CV experiment; (b), Calculated CV plots form the MUSCA measurement. All data collected using porous carbon as working electrode in EMImBF4.

  been proposed in the literature to study the electrochemical behavior of a Ti3C2Tx electrode in H2SO4 electrolyte. In situ X-ray absorption spectroscopy (XAS) measurements have shown a change in the oxidation state of Ti during the electrochemical in the H2SO4 electrolyte, evidencing a pseudocapacitive charge storage mechanism based on the change of the redox state of Ti as a result of proton intercalation (see Figure IV-1a and

Figure IV- 1 .

 1 Figure IV-1. (a) Ti K-edge X-ray absorption spectroscopy spectra of Ti3C2Tx electrode at constant potentials of -0.4 V (blue line) and -0.1 V (green line), and spectra from TiO (red line) and TiO2 (black line). (b) Average Ti oxidation state in Ti3C2Tx MXene at various constant potentials, based on the Ti K-edge energy shift using the reference K-edge energy shifts of TiO and TiO2. a and b are adopted from ref5. (c) Schematic illustration of the in situ Raman test of Ti3C2Tx electrode at two biased potentials, showing the bonding/debonding reaction process. 6 (d) A simulation work shows the proton surface redox rate constant and proton diffusion coefficient as a function of water layer in-between the MXene layers.15 

Figure

  

Figure IV- 2 .

 2 Figure IV-2. (a) Cross-section SEM image of P-MXene film. (b) XRD patterns of Ti3AlC2 MAX phase and Ti3C2Tx MXene.

  treatments under inert atmosphere (Ar) were performed to control both the water molecule content and the chemistry of surface termination groups. For this purpose, temperature-programmed desorption coupled with mass spectrometry (TPD-MS) measurements and in situ XRD experiments during heating of the MXene sample were done to track the evolution of c-LP versus the type of MXene surface terminations under various annealing conditions.

Figure IV- 3 .

 3 Figure IV-3. TPD-MS measurements in the temperature range up to 1200 o C. Species marked with asterisks were other gases for Ti3C2Tx MXene samples, where no quantification was possible because of the lack of standards.

  o C at a rate of 10 o C min -1 . The resulting decomposition products were monitored by online mass spectrometry. Figure IV-3 gives the decomposition of P-MXene in the full temperature range, and Table IV-1 lists the details of the analysis. Two substantial weight losses were observed in the temperature ranges of 100-600 o C and 800-1000 o C (see Figure IV-3). The first weight loss (between 100 and 600°C) corresponding to the removal of intercalated water and -OH termination groups,

1 .From

 1 TPD-MS analysis of P-MXene at temperature range up to 1200 o C. Figure IV-3, it can be seen that the weight loss of P-MXene at 600 o C is mainly due to H2O and -OH termination groups. Indeed, the total weight loss of P-MXene at 600 o C is around 7.1 wt.%, including 3.9 wt.% of H2O and 2.8 wt.% of -OH termination groups. In other words, the weight loss of H2O and -OH accounts for 94% for the total weight loss of up to 600 o C. The change of H2O and -OH content in the 25 -600°C temperature range (Figure IV-4a) has been put in perspective with the change of the interlayer distance of MXenes. To monitor the c-LP changes under annealing treatment, in situ high-temperature XRD measurements were performed under a N2 atmosphere flow (100 ml min -1 ), with an annealing treatment up to 600 o C at a rate of 10 o C min -1 . At each step, the temperature was held at certain values (e.g., 100 o C, 200 o C, etc.) to record the XRD patterns. In Figure IV-4b is shown the (004) peak positions of MXene film measured for various annealing temperatures: c-LP dramatically decreases when the temperature increases from RT to 300 o C; further annealing up to 600 o C only results in slight shrinkage. As observed, water is almost fully removed at 300°C while -OH groups at 600 °C. A weight-loss peak is observed at about 120°C for water and at 350°C for -OH groups. It turns out the rapid deceased c-LP of the P-MXene observed previously in situ XRD at 300 o C can then be associated with the removal of pre-intercalated H2O.

Figure IV- 4 .

 4 Figure IV-4. (a) TPD-MS measurement of Ti3C2Tx MXene film in the temperature range up to 600 o C. The gas evolution in μmol/g/s is obtained after quantification for H2O, and -OH. (b) In situ XRD patterns during heating of Ti3C2Tx MXene film. The shift of (004) peaks to a higher degree indicates the shrinkage of the MXene interlayer distance.

P-

  MXene up to 600 °C, two different samples annealed at 500 o C and 600 o C were characterized using several techniques. From Figure IV-5a and b (SEM images), it can be observed the layered morphology is well maintained for 500-MXene as well as for 600-MXene. Moreover, the typical set of (00l) peaks characteristics of 2D MXenes were still observed in the XRD patterns (Figure IV-5c), indicating the maintenance of the MXene structure after annealing treatment. Furthermore, Raman spectroscopy was also used to examine the thermal stability of Ti3C2Tx MXene. The Raman spectra of these three samples are presented in Figure IV-5d. The data collected for P-MXene is in agreement with the previous reports, 26 as shown in Figure IV-5d, that is showing a distinct sharp peak around 200 cm -1 correspondings to A1g (Ti, O, C) out-of-plane vibration and a set of broad peaks at around 380 and 580 cm -1 assigned to the Eg in-plane vibration model of C and Tx species.24 No noticeable changes were evidenced by Raman spectra. Therefore, it can be assumed that annealing treatment under inert atmosphere (Ar) up to a temperature of 600 o C does not degrade the 2D structure and chemical composition of titanium carbide. Instead, the content of pre-intercalated H2O and -OH termination groups can be modified, making thermally-treated Ti3C2Tx MXenes great candidates to study the role of H2O and -OH termination groups on the charge storage mechanisms in acidic electrolyte.

Figure IV- 5 .

 5 Figure IV-5. Cross-section SEM images of (a) 500-MXene film and (b) 600-MXene film. XRD patterns (c) and Raman tests (d) of P-MXene, 500-MXene, and 600-MXene.

Figure IV- 6 .

 6 Figure IV-6. (a) CV profiles of three MXene films at a scan rate of 50 mV s -1 . (b) ex situ XRD patterns of three MXene films before (black lines) and after (red lines) electrochemical cycling. The positions of the (002) peaks were used to calculate the c-LPs.

Figure

  Figure IV-7a and d show the first 50 cycles of P-MXene and 500-MXene in H2SO4 electrolyte at a scan rate of 50 mV s -1 . The current response of 500-MXene (Figure IV-7d) at the first cycle is relatively small compared to P-MXene (Figure IV-7a); however, the electrochemical capacitance was gradually increased and stabilized after 10 cycles to reach similar values as P-MXene, while no pronounced capacitance increasing was observed in the P-MXene. Together with the results of Figure IV-6b, the increase of the capacitance of 500-MXene during cycling could be ascribed to the expansion of c-LP as a result of H2O intercalation: because to -OH groups left in the 500-MXene sample water intercalation is made possible and could explain the observed constant increase of the capacitance during the first cycles.

Figure IV- 7 .

 7 Figure IV-7. Initial 50 CV cycles of P-MXene (a) and 500-MXene (c) at a scan rate of 50 mV s -1 . Nyquist plots of P-MXene (b) and 500-MXene (d) at OCP before (black) and after (red) electrochemical cycling. The real part of the capacitance of P-MXene (c) and 500-MXene (f) calculated from EIS data.

Figure IV- 8 .

 8 Figure IV-8. CV profiles at a scan rate range of 50 to 1000 mV s -1 in 3 M H2SO4 for (a) P-MXene, (b) 500-MXene.

Figure IV- 9 .

 9 Figure IV-9. (a) CV profiles of three MXenes at a scan rate of 500 mV s -1 . (b) Gravimetric specific capacitances and capacities vs. various scan rates.

Figure IV- 10 .

 10 Figure IV-10. Electrochemical cell for in situ XANES test.

Figure IV- 11 .

 11 Figure IV-11. In situ XANES analysis of P-MXene electrode in 1 M H2SO4 electrolyte. (a) CV curve of the P-MXene electrode at a scan rate of 2 mV s -1 . (b) Ti K-edge XANES spectra of P-MXene electrode at the various biased potential. The inset shows the zooming part of Ti K-edge energy at the half-height of normalized XANES spectra.

Figure IV- 12 .

 12 Figure IV-12. CV profile of P-MXenes at a scan rate of 50 mV s -1 in 3 M H2SO4. The shaded part indicates the estimated proportion of charge stored by EDL-like mechanisms, accounts for 40% of the total charge, which leaves 60% of the total charge related to the change oxidation state change of Ti.

  During negative polarization, the possible charging mechanisms beyond the redox reaction of Ti could be intercalation of cations (H + and/or H3O + ) or de-intercalation of anions (SO4 2-), or ion exchange. To get a better insight into the ions responsible for the charge storage mechanism, an electrochemical quartz crystal microbalance (EQCM) study was performed on a Ti3C2Tx MXene-coated golden quartz crystal in a 3 M H2SO4 electrolyte.For sample preparation of EQCM, BioLogic 1-in.-diameter Au-coated quartz crystals (oscillating frequency, f0, 5 MHz) were coated using a precise pipette (Gilson PIPETMAN Classic P20) with a slurry containing 80 wt.% of active material MXene powder, 20 wt.% of polyvinylidene fluoride (PVDF) binder in N-Methyl-2-pyrrolidone. The coated quartz crystal was placed on a PTFE holder in which the coated side is orientated toward the reference, and the counter electrode served as the working electrode in a 3-electrode set-up (see FigureIV-13). The counter electrode is a platinum wire. The Hg/Hg2SO4 was used as a reference electrode placed between working and counter electrodes. Three electrodes were set in glassware and immersed in 3 M H2SO4 aqueous electrolytes. All the EQCM electrochemical measurements were carried out by a Maxtek RQCM system combined with Autolab PGSTAT101 was used for simultaneous EQCM and electrochemical measurements.

Figure IV- 13 .

 13 Figure IV-13. Schematic of EQCM set-up, adopted from ref 31 .

Figure IV- 14 .

 14 Figure IV-14. EQCM calibration by conducting copper electroplating under constant current: frequency change a function of mass change.

Figure IV- 15 .

 15 Figure IV-15. Change of the motional resistance of Pristine-MXene on a gold substrate in 3 M H2SO4 at 10 mV s -1 . The maximums change of the motional resistance is less than 0.7%, which indicates no influence on the recorded mass change during the EQCM test.

Figure

  Figure IV-16a shows the CV profile and frequency response of P-MXene sample at 10 mV s -1 , where the red arrows indicate the scan direction. The start and endpoint of the frequency scan loop overlap, which means no overall mass loss or gain within a full cycle occur (reversible process from the mass change point of view), which is expected for an active material under steady-state

Figure IV- 16 .

 16 Figure IV-16. EQCM measurements: (a) CV profile and EQCM frequency response and (b) electrode mass change versus charge during the polarization of P-MXene on a gold substrate in 3 M H2SO4 recorded at 10 mV s -1 , with reference electrode of Hg/Hg2SO4.

5. 1

 1 Simulation method MD simulations were carried out to get a further understanding of the charge storage mechanism in P-MXene and 500-MXene samples with the help of Dr. K. Xu from Nanjing Tech University during his stay at the CIRIMAT Lab. The simulation system is constituted by MXene electrode layers and 3 M H2SO4 aqueous electrolyte. The dynamic and structural properties of two kinds of MXene (P-MXene and 500-MXene) electrode and aqueous electrolytes are detailed studied. Ti3C2O0.9F0.8(OH)0.3 and Ti3C2O1.185F0.8(OH)0.015 materials were used as P-MXene and 500-MXene samples, respectively (see Figure IV-17). The stoichiometric proportion of the -F, =O, -OH functional groups was estimated according to our TPD-MS results (Figure IV-3 and TableIV-1) and previous reports.17 

Figure IV- 17 .

 17 Figure IV-17. Oblique view (a) and Top view (b) of one Pristine-MXene layer, the different functional groups were randomly placed on the surface, (c) Side view of part of Pristine-MXene layer, (d) Side view of part of the 500-MXene layer.

Figure IV- 18 .

 18 Figure IV-18. Schematic representation of the simulation model, inner four layers were Pristine-MXene: (a) equilibrium c lattice parameter = 26.7 Å with one layer of water in-between, (b) equilibrium c lattice parameter = 20.3 Å without water between the layer.

3 Å and 19. 5 Å

 35 , respectively. With these values, the simulations results indicate that H2O molecules cannot be present in-between MXene layers. As discussed above, for both MXenes, H2O molecule is supposed to be intercalated in-between MXene layers after electrochemical cycling. Using a larger initial c-LP value and a small amount of pre-intercalated H2O molecules, the simulations reach another equilibrium state where a single layer of H2O molecule is present at the minimum energy state in both samples. The equilibrium c-LPs expanded to 26.7 Å for the P-MXene and 26.0 Å for the 500-MXene, closed to the values obtained from XRD. We also manipulated initial c-LPs in a range of 25.5 ~ 28.5 Å for these two models and found that the c-LPs would reach some particular values (see FigureIV-19).

Figure IV- 19 .

 19 Figure IV-19. (a) The simulated equilibrium c lattice parameters of MXenes with and without water molecules in-between MXene layers. (b) Change of c lattice parameters of P-MXene and 500-MXene during the simulation process. Different c lattice parameters were set at the beginning of the simulation.

Figure

  Figure IV-20a and b show the side view of the two MXene layers for P-MXene and 500-MXene samples immersed in the electrolyte. The top view and side view of the interlayer molecules and ions structural arrangement are displayed in Figure IV-20c and e for P-MXene and Figure IV-20d

Figure IV- 20 .

 20 Figure IV-20. Side view of (a) P-MXene and (b) 500-MXene layers with surrounding electrolytes. Top view of the water molecules in-between the (c) P-MXene and (d) 500-MXene layers, MXene atoms are not shown here. (e) and (g) Close-up top view and side view of water molecules distribution in-between the P-MXene and 500-MXene layers. (f) Comparison of probability profiles of dipole orientation of water molecules inside P-MXene and 500-MXene layers, θ gives the angle between water molecular dipole moment and electrode surface normal.

  the first report of Ti3C2 MXene synthesis in 2011, MXene materials are mainly prepared by selective etching of the A-layer of in MAX phases precursors by aqueous solutions containing fluoride ions such as aqueous hydrofluoric acid (HF), 1 mixture of lithium fluoride and hydrochloric acid (LiF+HCl)2 or ammonium bifluoride ((NH4)HF2).3 To date, the high reactivity of Al with fluoride-based aqueous solutions has limited synthesized MXenes to preferentially Alcontaining MAX phase precursors. Although Alhabeb et al. reported the synthesis of Ti3C2 MXene through oxidant-assisted etching of Si from Ti3SiC2 MAX phase,3 the etching mechanism was still based on hazardous HF solution. Thus, MXene synthesis currently faces the challenges of 1) finding nonhazardous synthesis routes for preparing MXene and 2) opening the synthesis route to a broader range of MAX-phase precursors. Moreover, the synthesized conditions will also define the type and amount of the termination groups, which have a substantial impact on their electrochemical properties, as we have shown in Chapter IV. It is then needed to investigate the electrochemical performances of MXenes by tuning the surface chemistry with alternative etching route.4 Recently, Li et al. reported the synthesis of Ti3ZnC2 MAX phase by reaction of Ti3AlC2 in ZnCl2 Lewis acidic molten salt at 550°C, via a replacement reaction mechanism.5 Ti3ZnC2 could be further transformed into Ti3C2Cl2 MXene when increasing the MAX:ZnCl2 ratio. However, the formation mechanism of Ti3C2Cl2 MXene was not fully understood from the chemistry point of view; since the molten salt and the MAX phase shared the same element (Zn), a reaction mechanism assuming the existence of a low valence Zn2 2+ cation was proposed.In this chapter, under collaboration with a team lead by Prof. Q. Huang from Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, we generalize this synthesis route to a wide chemical range of A-site elements featuring besides Zn also Al, Si, Ga from various MAX phase precursors, by adjusting the chemistry of the MAX precursor and the Lewis acid melt composition. We propose a generic method to etch MAX phases by direct redox coupling between the A element and the cation of the Lewis acid molten salt, which allows Chapter V A general Lewis acidic etching route for preparing MXenes with enhanced electrochemical performance in non-aqueous electrolyte 138 predicting the reactivity of the MAX in the molten salt and drastically broadens the number of

  Figure V-1 by taking the example of the preparation of Ti3C2Tx MXene from Ti3SiC2 MAX phase precursor immersed in a CuCl2 molten salt electrolyte.

Figure V- 1 .

 1 Figure V-1. Schematic diagram of Ti3C2Tx MXene preparation. (a) Ti3SiC2 MAX phase is immersed in CuCl2 Lewis molten salt at 750°C. (b and c) The reaction between Ti3SiC2 and CuCl2 results in the formation of Ti3C2 MXene. (d) MS-Ti3C2Tx MXene is obtained after further washing in ammonium persulfate (APS) solution.

Figure V- 1

 1 Figure V-1 shows a sketch of the Ti3C2 MXene synthesis from the reaction between Ti3SiC2 and CuCl2 at 750°C; the reactions are listed below:

(

  MS-Ti3C2Tx, purple) are shown in Figure V-2. Compared to pristine Ti3SiC2, most of the diffraction peaks disappear in the final product, leaving (00l) peaks as well as several broad and low-intensity peaks in the 2 range from 5° to 75°; these features indicate the successful transformation of Ti3SiC2 into layered Ti3C2 (MXene) 9 . Additionally, the shift of Ti3C2 (00l) diffraction peaks from 10.13° to 8.07° (±0.02°) two theta degree indicate an expansion of the interlayer distance from 8.8 Å to 10.98 Å (±0.03 Å). The sharp and intense peaks located at 2 ≈ 43.29°, 50.43°, and 74.13° can be indexed as metallic Cu (Figure V-2, red plot), which confirms the proposed etching mechanism in Lewis acid melt (equation V-1). The XRD pattern of the final product (Figure V-2, purple plot) exhibits only the (00l) MXene peaks, confirming the removal of the Cu.

Figure V- 2 .

 2 Figure V-2. XRD patterns of pristine Ti3SiC2 before (black line) and after (red line) reaction with CuCl2, and final MS-Ti3C2Tx MXene obtained after washing in 0.1 M APS solution (purple line).

Figure V- 3 .

 3 Figure V-3. SEM images of Ti3SiC2 MAX phase precursor before (a) and after (b) reaction with CuCl2 at

Figure V- 4 .

 4 Figure V-4. (a) SEM image of MS-Ti3C2Tx MXene after treatment by APS solution to remove Cu particles and (b) corresponding EDS point analysis. (c) Element mapping of MS-Ti3C2Tx MXene treatment by APS solution.

Figure V- 5 .

 5 Figure V-5. Cross-sectional STEM images showing the nanolaminate nature of the material (scale bar in the atomically resolved image inset is 1 nm).

(

  BE) of C 1s (284.8 eV) as a reference. The XPS atomic sensitivity factors involved in the atomic concentration calculation were 0.278 (C 1s), 1.833 (Ca 2p), 2.001 (Ti 2p) and 0.78 (O 1s), respectively, according to Kratos Vision Processing software. Etch conditions were defined by beam energy of 4 kV, a current of 100 μA, and a raster size of 3 mm. Figure V-6 shows an overview of the XPS spectrum for the Ti3SiC2 precursor (black) and MS-Ti3C2Tx MXene (red), where the signals of Si 2p, C 1s, Ti 2p, and O 1s are observed at 102, 285, 459, and 532 eV, respectively. 11

Figure V- 6 .

 6 Figure V-6. A global view of the XPS spectra of the Ti3SiC2 MAX phase precursor (black) and MS-Ti3C2Tx MXene (red) after reaction in CuCl2 at 750 C and further immersion in APS solution.

Figure V- 7 .

 7 Figure V-7. XPS analysis of the MS-Ti3C2Tx MXene after reaction in CuCl2 at 750 C and further immersion in APS solution. Spectra of Si 2p (a), Cu 2p (b), Ti 2p (c), C 1s (d), O 1s (e), and Cl 2p (f) energy levels.

Figure V- 8 .

 8 Figure V-8. TPD-MS measurements at temperature range up to 800 C (a) and full temperature range (c) of Ti3C2Tx MXene samples (HF-Ti3C2Tx) prepared from conventional etching in HF; at temperature range up to 600 C (b) and full temperature range (d) for MS-Ti3C2Tx MXene samples. Species marked with asterisks in (d) were other gases for MS-Ti3C2Tx MXene samples, where no quantification was possible because of the lack of standards. (a) and (c) are adapted from ref. 14.

Figure V- 8

 8 Figure V-8 shows the TPD-MS analysis results of HF-Ti3C2Tx (Figure V8a and c) and MS-Ti3C2Tx MXenes (Figure V-8b and d). Weight loss in % and gas evolution in µmol/g/s are obtained

  6 and Figure V-9.

Figure V- 9 .

 9 Figure V-9. Redox potentials of the molten salts (V vs. Cl2/Cl -) as a function of temperature.

Figure V- 11 .

 11 Figure V-11. SEM images reveal the typical accordion morphology of MXenes from different MAX phases etched by varied Lewis acid chlorides, such as Ti2AlC by CuCl2 (a), Ti3ZnC2 by CuCl2 (b), Ti3AlCN by CuCl2 (c), Ti3AlC2 by NiCl2 (d), Ti3ZnC2 by FeCl2 (e), and Ta2AlC by AgCl (f). Scale bars are 2 μm.

Figure V- 12

 12 Figure V-12 presents the XRD patterns of Ti2AlC and Ti3ZnC2 precursors and the products obtained after reaction with various Lewis acid salts (CuCl2 in this case) without further washing in APS (presence of Cu). It also gives the SEM images and the corresponding EDS analysis of the asprepared MXenes. As shown in the XRD patterns, most of Bragg peaks of the pristine MAX phases disappear after the molten salt etching process, leaving (00l) peaks and several broad and lowintensity peaks, indicating the successful obtention of layered MXene materials from MAX phases by Lewis acid molten salts etching route. SEM images show that the pristine particle-like MAX phases turn into an accordion-like open structure, suggesting the successful synthesis of MXene such as previously reported for MXenes prepared by HF etching method. 4 EDS analysis indicates the successful removal of A element from the MAX phases, as well as the presence of Cl and O surface groups on layered MXenes. Additional characterizations of MXenes prepared in this project can be found in ref 19.21 These results demonstrate that the Lewis acidic molten salts etching method

Figure V- 12 .

 12 Figure V-12. Ti2AlC-CuCl2: (a) XRD patterns, (b) SEM image, (c) EDS point analysis. Ti3ZnC2-CuCl2: (d) XRD patterns, (e) SEM image, (f) EDS point analysis. Scalebars correspond to 2 μm.

Figure V- 13 .

 13 Figure V-13. (A), (B) SEM image and corresponding EDS analysis of Br-MXene; (C), (D) SEM image and corresponding EDS analysis of I-MXene.

  Figure V-14 below shows the XRD pattern of a Ti2SnC MAX phase before (bottom) and after 7 h immersion in MnCl2 molten salt at 750°C (top). According to their respective redox potential values in Figure V-10, Sn cannot be oxidized into Sn 4+ by concomitant Mn 2+ reduction at such temperature. As can be seen from the Figure below, both XRD patterns are the same, thus evidencing that i) there is no reaction and ii) no solubility of the Sn from the Ti2SnC MAX phase in the melt. This further demonstrated the validation of the guidelines presented in Figure V-10, suggesting that the Lewis acidic etching route can serve as a general method to prepare MXenes.

Figure V- 14 :4. Electrochemical characterizations 4 . 1

 1441 Figure V-14: XRD pattern of pristine Ti2SnC and Ti2C after 7 h immersion in MnCl2 molten salt.

Figure V- 15 .

 15 Figure V-15. The first three cycles of CV at 1 mV s -1 of a MS-Ti3C2Tx MXene electrode in LP30 electrolyte.

Figure V-16a

  Figure V-16a shows the cyclic CV profiles of the MS-Ti3C2Tx MXene electrode recorded at 0.5 mV s -1 with different negative cut-off potentials. The electrochemical signature is remarkable asit differs from what is today known for conventional MXene prepared from etching in HF or Fcontaining electrolyte (named as HF-MXene) in non-aqueous electrolytes, as previously described in section 3 of Chapter I.[22][23][24] . As shown in Figure V-16b, Li + intercalation/deintercalation reaction in HF-MXene[25][26][27][28][29] occurs within a large potential window (usually from 0.05 V up to 3 V vs Li + /Li).

Figure V- 16 .

 16 Figure V-16. CV profiles of (a) MS-Ti3C2Tx electrode at a scan rate of 0.5 mV s -1 with various cut-off negative potentials, and (b) HF-Ti3C2Tx electrode at a scan rate of 0.1 mV s -1 in LP30 electrolyte. (b) is adopted from ref 26 .

Figure V- 17 .

 17 Figure V-17. Galvanostatic charge/discharge curves at current densities from 0.5 to 3 A g -1 .

Figure V- 18 .

 18 Figure V-18. (a) CVs at 0.5 mV s -1 of MS-Ti3C2Tx MXene in LP30 electrolyte with various positive cut-off potentials; (b) Capacitance and capacity values in the different potential ranges from the anodic scan.

Figure V- 19 .

 19 Figure V-19. (a) and (c) CVs at various potential scan rates of a MS-Ti3C2Tx MXene electrode in LP30 electrolyte. The active material weight loading is 1.4 mg cm -2 for (a) and 4 mg cm -2 for (c). (b) and (d) Change of the MXene electrode capacity versus the discharge time calculated from (a) and (c), respectively.

  Chapter V A general Lewis acidic etching route for preparing MXenes with enhanced electrochemical performance in non-aqueous electrolyte 167 loading up to 4 mg cm -2 does not hinder the power capability of the Ti3C2Tx material as can be seen from FigureV-19c and d. Figure V-19d shows the discharge capacity values calculated from the CVs. The thicker electrode delivers 680 C g -1 (areal capacity of 2.72 C cm -2 ) at a scan rate of 0.5 mV s -1 with a capacity retention of 35% at 100 mV s -1 .

Figure V- 20 .

 20 Figure V-20. (a) Charge/discharge capacities of MS-Ti3C2Tx calculated from galvanostatic tests at different C-rate, with the potential range from 0.2 to 3 V vs. Li + /Li. The active material weight loading is 1.1 mg cm -2 (b) Long cycling at 30 C-rate, 90% of capacity retained after 2400 cycles. Note that, C-rate used here was obtained according to the discharging time, for the sake of a better comparison with CV tests.

Figure V- 21 . 4 . 2

 2142 Figure V-21. (A) CVs at various potential scan rates of a Ti3C2Tx MXene electrode prepared from Ti3AlC2 MAX phase in LP30 electrolyte. (B) Change of the Ti3C2Tx MXene electrode capacity versus the discharge time during CVs recorded at various potential scan rates. The active material weight loading is 1.1 mg cm -2 .

Figure V- 22 .

 22 Figure V-22. Optical photos of in situ XRD cell (a) and in situ XRD testing setup (b). (a) is reproduced from ref 31 .

Figure V- 23

 23 Figure V-23 shows the change of the (002) peak position during anodic and cathodic scans for three different cycles. The initial d-spacing was found to be ~11.02 Å, and the peak position was found to be roughly constant during the polarization with a maximum change of 0.25 Å. The small value of the d-spacing indicates that MXene layers are separated by about 3 Å: this supports the intercalation of fully de-solvated Li + ions between the MXene layers, such as recently reported 22 ,blocking the co-intercalation of solvent molecules and resulting in improved electrochemical performance. During the cathodic scan, Li + ions are intercalated between the MXene layers; this is assumed to be associated with the change in the oxidation state of Ti, such as observed in lithium-

Figure V- 23 .

 23 Figure V-23. In situ XRD maps of the (002) peak during anodic and cathodic scans for 3 different cycles; the peak position shift is less than 0.25Å during cycling.

Figure V- 25 .

 25 Figure V-25. Comparison of CV plots of MS-Ti3C2Tx electrode (red line) and HF-Ti3C2Tx electrode (black line) at a scan rate of 20 mV s -1 in 3 M H2SO4 electrolyte.

  ) and molecular dynamics (MD) simulation works. First, we demonstrated that the content of preintercalated H2O and -OH termination groups of MXene can be tuned by annealing the samples at different temperatures without changing the 2D nature and composition of titanium carbide. Thanks to this study, a charge storage mechanism in Ti3C2Tx MXenes in H2SO4 was proposed, driven by the intercalated water content, and the presence of -OH termination groups makes it possible to reintercalate water in-between the 2D MXene layers. Another important finding is that enhanced highrate electrochemical performance was observed when -OH groups of MXenes were partially removed during the annealing process. With the help of in situ techniques and MD simulation, we confirmed that the H2O molecules in-between MXene layers can trigger the redox activity of Ti and enable the fast charge compensation through H + transportation via a Grotthuss mechanism.Moreover, a large amount of -OH is assumed to break the organization of the H2O molecules between the layers, resulting in a less effective proton transport mechanism and thus a limited power performance for the Ti3C2Tx electrode.New MXene materials prepared by Lewis acidic etching route with enhanced electrochemical performance in non-aqueous electrolyteDifferently from the MXenes reported in the literature, we prepared multilayered MXene materials via a molten salt method using Lewis acid as the etchant. Various MXenes were successfully obtained from different MAX phases by careful selection of the MAX phase precursors/Lewis salts considering two parameters: electrochemical redox potentials of redox couple in halide melts and the Gibbs free energy of the etching reaction at the reaction temperatures. The surface terminations of the newly-prepared MS-Ti3C2Tx MXene was mainly -O and -Cl groups in these fluorine-free synthesis baths; importantly, no -OH groups were found, differently from MXenes prepared using aqueous HF-containing etching solutions.In acidic electrolyte, the pseudocapacitive redox reaction observed in HF-MXene was not present in MS-Ti3C2Tx MXenes due to the absence of -OH termination groups in the latter, in good agreement with the pseudocapacitive charge storage mechanism of Ti3C2Tx MXene in acidic electrolyte proposed in Chapter IV. MS-Ti3C2Tx MXenes were then further electrochemically tested as a negative electrode in Li ion containing non-aqueous electrolyte. A symmetric, pseudocapacitive-like CV signature was obtained during the Li intercalation/deintercalation reaction, associated with high power performance. The discharge capacity of the MS-Ti3C2Tx MXene powder reaches 738 C g -1 (205 mAh g -1 ) for a discharge time of 1.5 h (C/1.5 rate) within a potential window of 2.8 V and still delivers 75 mAh g -1 for a discharge time below 30 s (128 C-rate). Also, 646 C g -1 (180 mAh g -1 ) can be still delivered within a potential window of 2 V (from 0.2 to 2.2 V vs. Li + /Li) together with a record capacitance of 323 F g -1 for MXene in non-aqueous electrolytes. In situ XRD results suggested an intercalation/deintercalation of de-solvated Li + ions between the MXene layers during the electrochemical process, which similar to a recently reported.2 The combination of mirror-like electrochemical signature, high-rate performance and the low operating potential range makes MS-Ti3C2Tx MXene prepared from the molten salt method a promising negative electrode in electrochemical energy storage devices (batteries and Li-ion capacitors). Furthermore, the general Lewis acidic etching route offers not only a new synthetic strategy to prepare new MXenes from an expanded range of MAX phase precursors but also unprecedented opportunities for tuning the surface chemistry and consequently the properties of MXene materials. Perspectives 2D Ti3C2Tx MXenes have shown great promises as pseudocapacitive materials for electrochemical energy storage. During this work, we developed an advanced electrochemical technique termed as MUSCA to study the electrochemical kinetics of MXene electrodes. This MUSCA technique could also be used to achieve the electrochemical characterization of other systems as to be seen in a recent paper 3 that provides a theoretical validation of the method to study pseudocapacitive electrodes in general. This work also demonstrated that the presence of H2O molecules confined in-between the Ti3C2Tx MXene layers and surface terminations have a significant impact on the charge storage mechanisms. It offers a new strategy to optimize the electrochemical performances of various MXenes by tuning the surface chemistry in aqueous systems, provides opportunities in designing high rate performance MXene electrodes for energy storage systems, such as hybrid devices.

1 .

 1 Wang, J.; Polleux, J.; Lim, J.; Dunn, B., Pseudocapacitive Contributions to Electrochemical Energy Storage in TiO2 (Anatase) Nanoparticles. The Journal of Physical Chemistry C 2007, 111 (40), 14925-14931. 2. Wang, X.; Mathis, T. S.; Li, K.; Lin, Z.; Vlcek, L.; Torita, T.; Osti, N. C.; Hatter, C.; Urbankowski, P.; Sarycheva, A., Influences from solvents on charge storage in titanium carbide MXenes. Nature Energy 2019, 4 (3), 241. 3. Munteshari, O.; Zhou, Y.; Mei, B.-A.; Pilon, L., Theoretical validation of the step potential Ré sumé de Thè se Introduction Gé né rale Les problè mes environnementaux croissants, tels que le ré chauffement de la planè te et le changement climatique, principalement provoqué s par la consommation d'é nergies fossiles, sont depuis maintenant plusieurs dizaines d'années au coeur des préoccupations sociétales. L'une des ré ponses à ces considé rations ré side dans le dé veloppement de sources d'é nergie renouvelables et durables. C'est pourquoi de grands efforts ont é té dé ployé s pour dé velopper des sources d'é nergie alternatives, notamment en matière d'é nergie hydroé lectrique, solaire, é olienne, maré motrice, gé othermique, nuclé aire, bioé nergie, etc. En principe, ces sources d'é nergie peuvent ê tre converties en é lectricité et ensuite distribué es sur le ré seau. Toutefois, é tant donné leur caractè re intermittent, les é nergies renouvelables (par exemple, la lumiè re du soleil, le vent) doivent ê tre combiné es à des systè mes de stockage de l'é nergie pour assurer une distribution continue et fiable ; les dispositifs de stockage é lectrochimique de l'é nergie (SEE) semblent tout indiqué s pour ré pondre à remplir ce rôle. Les systè mes de SEE les plus couramment utilisé s aujourd'hui sont les batteries et les condensateurs é lectrochimiques (CE, é galement appelé s supercondensateurs). Les batteries, l'un des principaux dispositifs de SEE sur le marché de l'é nergie, peuvent fournir une grande quantité d'é nergie (> 200 Wh kg -1 ) grâ ce à des ré actions faradiques dans le volume des maté riaux d'é lectrodes en contact avec un é lectrolyte, gé né ralement accompagné es d'interconversions chimiques et de changements de phase. Ces ré actions faradiques pré sentent toutefois une ciné tique lente, souvent associé e à des processus irré versibles, ce qui limite la puissance et la duré e de vie des systè mes. 1 D'autre part, les CE stockent la charge à l'interface é lectrode/é lectrolyte, via un processus physique non faradique d'adsorption/dé sorption d'ions pour les condensateurs é lectriques à double couche (EDLC) ou des ré actions faradiques rapides et non diffusantes pour les maté riaux pseudo-capacitifs. 2-3 Ces mé canismes de stockage d'é nergie capacitive rapides et hautement ré versibles confè rent aux CE des puissances é levé es et une longue duré e de vie.
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  peut ê tre obtenue avec des Ti3C2Tx MXenes lorsqu'ils sont utilisé s comme é lectrodes EC dans des é lectrolytes acides aqueux, et une puissance é levé e peut ê tre obtenue en concevant des é lectrodes MXenes 3D spé cifiques poreuses ou aligné es verticalement. En revanche, les MXenes fonctionnent principalement en electrolyte aqueux, ce qui limite la tension de cellule à 0,6 -1 V en fonction des collecteurs de courant utilisés, et donc les densités d'énergie délivrées. Dans cette thè se, nous nous sommes largement concentré s sur l'é tude des maté riaux Ti3C2Tx MXene 2D pour le stockage é lectrochimique de l'é nergie avec deux objectifs principaux : i) amé liorer notre compré hension de base des mé canismes de stockage de charge dans le Ti3C2Tx MXene dans des é lectrolytes acides aqueux et ii) faire fonctionner le MXene dans des é lectrolytes non aqueux en optimisant la chimie de surface, pour amé liorer leur densité é nergé tique. Le chapitre I dresse un état de l'art des systè mes é lectrochimiques et couvre les concepts de base, les classifications, les principes de fonctionnement et les caracté ristiques clé s des maté riaux et des dispositifs pour les applications é lectrochimiques. L'accent sera mis sur les maté riaux pour le stockage capacitif, en particulier sur les mé canismes de stockage de charge dans les maté riaux pseudo-capacitifs tels que le MXene 2D. Le chapitre II pré sente les procé dures expé rimentales, é numè re les techniques d'analyse chimique, et dé taille les techniques d'analyse é lectrochimique ainsi que le montage utilisé s dans ce travail. Le chapitre III est consacré à l'étude des comportements pseudo-capacitifs des é lectrodes Ti3C2Tx dans divers é lectrolytes aqueux par une analyse chronoampé romé trique avancé e à plusieurs é tapes ; cette technique vise à é tudier la ciné tique de ré action é lectrochimique d'une é lectrode pseudo-capacitive, en minimisant la contribution des chutes ohmiques. Lacompré hension des mé canismes de stockage de charge du Ti3C2Tx MXene dans l'é lectrolyte H2SO4 sera dé taillé e dans le chapî tre IV, en combinant des travaux expé rimentaux (mesures é lectrochimiques, techniques ex situ et in situ) et des simulations de dynamique molé culaire.

  Distinguer les processus de surface et de volume des é lectrodes de Ti3C2Tx MXene aidera non seulement à comprendre le comportement é lectrochimique naturel des MXenes, mais aussi à concevoir de meilleurs systè mes de stockage d'é nergie. Ce chapitre est donc consacré à l'é tude é lectrochimique du comportement pseudo-capacitif d'é lectrodes de compact Ti3C2Tx dans les é lectrolytes aqueux. Nous avons proposé dans ce chapitre une mé thode qualitative gé né rale appelé e chronoampé romé trie à é tapes multiples (MUSCA), qui est destiné e à calculer des voltammogrammes ré trocycliques à diffé rentes vitesses de balayage de potentiel avec des limitations ohmiques minimisé es, permettant ainsi l'é tude é lectrochimique et ciné tique d'une é lectrode pseudocapacitive.Parmis les nombreuses techniques é lectrochimiques de dé convolution des processus de surface et de volume dans des é lectrodes de stockage d'é nergie disponibles, nous avons appliqué la mé thode de Dunn dans ce chapî tre. Dunn et al.9 ont en effet proposé une mé thode basé e sur la dé convolution du courant en contributions capacitives (changeant avec v) et limité es en diffusion (changeant avec v 1/2 ) à chaque potentiel, conduisant aux é quations 1 et 2 :𝑖(𝑣) = 𝑘 1 𝑣 + 𝑘 2 𝑣 1/2 1 𝑖(𝑣)/𝑣 1/2 = 𝑘 1 𝑣 1/2 +𝑘 2 2où k1 et k2 sont deux constantes, i le courant (A/cm² ) et v la vitesse de balayage du potentiel (V/s).k1 et k2 peuvent ê tre calculé es à l'aide de l'é quation 2 en traç ant le courant en fonction de v 1/2 et les contributions capacitives (k1v) et à diffusion limité e (k2v 1/2 ) peuvent ê tre obtenues à chaque potentiel à diffé rentes vitesses de balayage. Mais comme mentionné pré cé demment, la relation liné aire de l'é quation 2 n'est plus valable à des vitesses de balayage é levé es lorsque la chute ohmique (iR) ne peut pas ê tre né gligé e (à cause du courant é levé ), ce qui conduit à une distorsion des voltampé rogrammes cycliques.[10][11] Ré sultatsLa Figure1aré vè le les voltammogrammes cycliques (CV) d'une é lectrode massive de Ti3C2TxMXene dans du H2SO4 concentré à 3 M, qui pré sentent des signatures é lectrochimiques similaires à celles precedemment reporté es.12 Une caracté ristique clé des CV ré side dans la dé rive des pics de potentiel anodique vers un potentiel plus é levé avec des vitesses de balayage de potentiel croissantes ; un tel comportement n'est pas observé pour le pic cathodique. Cette dé rive des pics anodiques vers un potentiel plus é levé avec une augmentation de la vitesse de balayage du potentiel dans les CV peut ê tre attribué e à une ciné tique é lectrochimique intrinsè que lente de l'é lectrode ou/et à une limitation ohmique, puisque l'augmentation de la vitesse de balayage du potentiel entraî ne une augmentation du courant. Comme indiqué pré cé demment, cette limitation ohmique rend difficile l'é tude de la ciné tique é lectrochimique avec la vitesse de balayage du potentiel. Par consé quent, afin de ré duire les limitations ohmiques et d'obtenir une relation i-v plus fiable, une solution serait d'utiliser une technique à l'é tat quasi-stationnaire: au lieu d'utiliser une rampe de tension liné aire continue ou une voltampé romé trie en escalier rapide, un escalier de tension à l'é tat quasi-stationnaire pourrait ê tre un moyen é lé gant d'atteindre cet objectif.

Figure 1 . 4 où

 14 Figure 1. (a) Voltammogrammes cycliques (CV) de l'é lectrode Ti3C2Tx MXene à diffé rentes vitesses de balayage. (b) Ensemble complet de donné es pour le test MUSCA. (c) tracé é largi de la ré ponse i-t pour une é tape potentielle de 100 mV. (d) Graphique CV calculé à partir des mesures MUSCA ré alisé es avec un pas de potentiel de 100 mV. Toutes les donné es ont é té collecté es en 3M H2SO4.

Figure 2 .

 2 Figure 2. Contributions des courants de surface et de volume à la charge totale aux vitesses de balayage de potentiels de (a) 20 mV s -1 et (b) 2 mV s -1 . Les donné es ont é té collecté es et calculé es à partir de mesures MUSCA en3M H2SO4.

Figure 3 .

 3 Figure 3. (a) Profils CV de trois films MXene à une vitesse de balayage de 50 mV s -1 . (b) Capacité s spé cifiques gravimé triques et charges en fonction de la vitesse de balayage. (c) Profils XRD ex situ de trois films de MXene avant (lignes noires) et aprè s (lignes rouges) le cycle é lectrochimique. Tous les essais é lectrochimiques ont é té enregistré s en 3M H2SO4.

Figure 4 .

 4 Figure 4. 50 cycles CV initiaux de P-MXene (a) et 500-MXene (c) à une vitesse de balayage de 50 mV s -1 . Diagramme de Nyquist du P-MXene (b) et du 500-MXene (d) à l'OCP avant (noir) et aprè s (rouge) le cycle é lectrochimique. La partie ré elle de la capacité du P-MXene (c) et du 500-MXene (f) est calculé e à partir des donné es de l'EIS.

  et pré senté e sur les Figures 4c et f. Pour le P-MXene, presque aucun changement n'a é té observé aprè s le cyclage é lectrochimique du P-MXene (Figure 4c), ce qui é tait attendu du fait de la pré sence d'eau entre les couches de MXene avant et aprè s cyclage. En revanche, pour le 500-MXene, la partie ré elle de la capacité augmente considé rablement aprè s cyclage (Figure 4f), ce qui indique clairement que l'amé lioration des performances é lectrochimiques est due à l'intercalation de H2O dans les feuillets de MXene. Ce ré sultat dé montre en outre le rôle clé de de smolécules d'H2O entre les feuillets de MXene pour le stockage é lectrochimique du MXene dans les systè mes acides. Afin d'é lucider davantage le comportement pseudo-capacitif du Ti3C2Tx MXene dans un é lectrolyte acide, une expé rience de spectroscopie de structure prè s du front d'absorption des rayons X in situ (XANES) et une é tude de microbalance é lectrochimique des cristaux de quartz (EQCM) ont é té ré alisé es.

Figure 5 .

 5 Figure 5. (a) Analyse XANES in situ de l'é lectrode P-MXene dans un é lectrolyte H2SO4 concentré à 1 M. L'é lectrode de ré fé rence utilisé e dans la configuration est Ag/AgCl. Mesures EQCM : (b) profil CV et ré ponse en fré quence EQCM et (c) changement de masse de l'é lectrode en fonction de la charge pendant la polarisation du P-MXene sur un substrat d'or en 3M H2SO4 enregistré s à 10 mV s -1 , avec une é lectrode de ré fé rence de Hg/Hg2SO4.

Figure 6 .

 6 Figure 6. Vue laté rale (a) des feuillets de P-MXene et (b) de 500-MXene avec les é lectrolytes environnants. Vue de dessus des molé cules d'eau entre les feuillets (c) de P-MXene et (d) de 500-MXene, les atomes de MXene ne sont pas repré senté s ici. (e) et (g) Vue de dessus en gros plan et vue laté rale de la distribution des molé cules d'eau entre les feuillets de P-MXene et de 500-MXene. (f) Comparaison des profils de probabilité de l'orientation des dipôles des molé cules d'eau dans les feuillets de P-MXene et de 500-MXene, θ donne l'angle entre le moment dipolaire des molé cules d'eau et la normale à la surface de l'é lectrode.

Figure 7 .

 7 Figure 7. Sché ma de la pré paration du Ti3C2Tx MXene. (a) La phase Ti3SiC2 MAX est immergé e dans du sel fondu CuCl2 Lewis à 750°C. (b et c) La ré action entre Ti3SiC2 et CuCl2 entraî ne la formation de Ti3C2 MXene. (d) Le MS-Ti3C2Tx MXene est obtenu aprè s un lavage supplé mentaire dans une solution de persulfate d'ammonium (APS).

Figure 8 .

 8 Figure 8. Caracté risations morphologiques et structurelles du MS-Ti3C2Tx MXene. (a) Diffractogrammes de Ti3SiC2 vierge avant (ligne noire) et aprè s (ligne rouge) ré action avec CuCl2, et MS-Ti3C2Tx MXene final obtenu aprè s lavage dans une solution 1 M (NH4)2S2O8 (ligne violette). (b) images SEM et (c) images STEM en coupe transversale montrant la nature nanolaminé e du maté riau (la barre d'é chelle dans l'image à ré solution atomique insé ré e en (c) est de 1 nm), et (d) spectres XPS du niveau d'é nergie Ti 2p de l'é chantillon MS-Ti3C2Tx MXene.

Figure 9 .

 9 Figure 9. Cartographie de l'é nergie libre de Gibbs (700°C) guidant la sé lection des sels de chlorure d'acide de Lewis en fonction des potentiels redox é lectrochimiques des é lé ments du site A dans les phases MAX (axe X) et des cations de sel fondu (axe Y) dans les chlorures fondus. Les é toiles marquent les MXenes correspondants qui sont dé montré s dans l'é tude actuelle.
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 10712 Figure 10. Profils CV de (a) l'é lectrode MS-Ti3C2Tx à une vitesse de balayage de 0.5 mV s -1 avec diffé rentes limites de potentiels né gatifs, et (b) l'é lectrode HF-Ti3C2Tx à une vitesse de balayage de 0.1 mV s -1 dans l'é lectrolyte LP30. (b) est adapté de la ré f. 42. (c) Modification de la capacité de l'é lectrode MXene en fonction du temps de dé charge obtenu dans l'é lectrolyte LP30 à partir de l'essai CV. (d) Comparaison des tracé s CV de l'é lectrode MS-Ti3C2Tx (ligne rouge) et de l'é lectrode HF-Ti3C2Tx (ligne noire) à une vitesse de balayage de 20 mV s -1 dans un é lectrolyte de 3M H2SO4.

  

  

  

  

Table I - 1 .

 I1 Examples of carbon materials for EDLCs. a) B and D represent SSA obtained from BET and DFT methods, respectively. b) g and v give the specific gravimetric and volumetric capacitance, respectively.

	Carbon	Electrode materials	SSA (m 2 g -1 ) a)	Electrolyte (mol l -1 )	Cg (F g -1 ) Cv (F cm -3 ) b)	Voltage (V)	Test conditions	High-rate test cv (F cm -3 ) b) cg (F g -1 )	Ref.
		PICACTI F SC	2315 (B)	TEAMS (1.7)	125 (g)	2	10 mA cm -2 (2el)	-	
		Ppy-AC	3432 (B) 2244 (D)	EMIBF4	256 (g)	2.3	1 mV s -1 (2el)	150 (g) 100 mV s -1	
	ACs	AC-W800	3967 (B) 2387 (D)	TEABF4 (1)	236 (g) 100 (v)	2.3	1 mV s -1 (2el)	173 (g) 100 mV s -1	
		B-AC	2841 (B)	KOH (2)	330 (g)	1	1 A g -1 (3el)	238 (g) 10 A g -1	
		TiC-CDC 1270 (B)	TEABF4 (1.5)	145 (g) 80 (v)	2.3	5 mA cm -2 (2el)	128 (g) 100 mA cm -2	
		TiC-CDC 1270 (B)	EMITFSI	160 (g) 85 (v)	3	5 mA cm -2 (2el)	-	
	CDCs	OM-CDC 2364 (B)	H2SO4 (1)	188 (g)	0.6	0.1 A g -1 (2el)	140 (g) 20 A g -1	
		Mesoporo us-CDC	2250 (B)	TEA BF4 (1)	170 (g)	2	0.1 A g -1 (2el)	150 (g) 17 A g -1	
		ZTC	2940 (B)	TEA BF4 (1)	168 (g)	2	0.05 A g -1 (3el)	153 (g) 2 A g -1	
		ZTC-L	2910 (B) TEABF4 (1) 75 (v)	2	1 A g -1 (3el)	60 (v) 20 A g -1	
	TCs	MCNAs	1266 (B) TEABF4 (1) 152 (g)	2.5	5 mV s -1 (2el)	-	
		Z-900	1075 (B) H2SO4 (0.5) 214 (g)	1.2	5 mV s -1 (3el)	115 (g) 100 mV s -1	
		ND-1200	500 (B)	TEABF4 (1.5)	38 (g)	2.3	5 mA cm -2 (2el)	30 (g) 200 mA cm -2	
	OCLs	1700-VAC	364 (B) 340 (D)	TEABF4 (1) 20 (g)	2.7	1 mV s -1 (2el)	18 (g) 1 V s -1	
	CNTs	MWCNT	200 (B)	TEABF4 (1.5)	18 (g)	2.3	5 mA cm -2 (2el)	16 (g) 200 mA cm -2	
		a-MEGO	2400 (B)	BMIMBF4 (1)	165 (g) 60 (v)	3.5	1.4 A g -1 (2el)	164 (g) 5.7 A g -1	
	Graphen e	HGF	830 (B)	EMIBF4 (1)	262 (g) 186 (v)	3.5	1 A g -1 (2el)	190 (g) 20 A g -1	
		EM-CCG	167 (B)	EMIBF4 (1)	167 (g)	3.5	1 A g -1 (2el)	135 (g) 10 A g -1	

. MXenes as high-rate electrodes for electrochemical energy storage 3.1 MXene chemistry 3.1.1 What are MXenes?

  

	where x ≤ 2. It has been well demonstrated that the oxidation state of Nb, which continuously changes from Nb 5+ to Nb 4+ during the Li + insertion within the (00l) plane, gives rise to the pseudocapacitance. 100, 130 Similar to TiO2(B), the poor electronic conductivity of T-Nb2O5 hinders its power performance, especially in the case of high-loading and/or thick electrode. Extrinsic pseudocapacitance materials have also emerged as promising candidates that offering 3MXenes are two-dimensional (2D) materials with the formula of Mn+1XnTx, where M represents
	high-rate performances. There are several engineering approaches to achieve extrinsic the transition metal(s), X is carbon and/or nitrogen, and Tx stands for the surface terminations (e.g.,
	pseudocapacitive charge storage, including 1) nanostructuring, nanosized of battery-type materials, -OH, -O, -F, and so on) that are introduced during chemical preparation. Since the first discovery of
	such as LiCoO2, 101 V2O5, 131 and Li3VO4, 132 2) dopant chemistry, such as introducing vacancies in the Ti3C2Tx MXene in 2011, MXenes have expanded significantly as a novel 2D materials family
	MoO3, 102 and creating defects in olivine LiFePO4. 133 In addition to these oxides, transition metal containing almost 30 members with different chemical compositions and order. 137 Typically,
	dichalcogenides with nanosized participles or 2D morphology providing another option for high-MXenes are prepared by selective etching of the A elements from MAX phase precursors via a HF-
	rate performance electrodes. For example, 2D morphology of TiS2 leads to electrochemical and containing solution. Considering the rich chemistry of the MAX phase precursors as presented in
	structural properties that are not exhibited by the corresponding bulk material, resulting in Figure I-14 (more than 155 MAX available today), 138-140 new MXenes are being discovered
	pseudocapacitive charge storage with a specific capacity of 90 mAh g -1 within 30 s. 134 Similarly, a
	MoS2 nanocrystal-based electrode can deliver a specific capacity of 90 mAh g -1 within 6 s,
	highlighting the high power performances. 135	
	More recently, a new type of 2D metal carbides and nitrides, known as MXenes, have attracted
	great interest thanks to their high-rate performance, making them suitable as electrodes in EES
	technology. The next sections will detail MXene synthesis and electrochemical characterizations for
	EC applications, but more details can be found here. 136	
	LixNb2O5	(I-30)

routinely. Thanks to their tunable properties (surface chemistry, conductivity, two-dimensional structure), MXenes are found promising for many applications, including energy storage and conversion, catalysis, sensing, electromagnetics, optics, and water purification, among others.
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However, the most promising applications deal with electrochemical energy storage, including metal-ion batteries and electrochemical capacitors.

142 

Table II -

 II 

		Silver chloride (AgCl)	Aladdin	98% purity
		Sodium chloride (NaCl)	Aladdin	98% purity
		Potassium Chloride (KCl)	Aladdin	98% purity
		Ammonium persulfate ((NH4)2S2O8)	Aladdin	98% purity
		Ethanol(C2H6O)	Aladdin	98% purity
		Argon(Ar)	Lab-made	99.9% purity
		Deionized water (H2O)	Lab-made	18
				megohm.cm
		Ti3SiC2 MAX phase	Lab-made	-
	Chapter V	Ti3AlC2 MAX phase	Lab-made	-
		Ti3ZnC2 MAX phase	Lab-made	-
		Ti3AlCN MAX phase	Lab-made	-
		Ti2AlC MAX phase	Lab-made	-
		Ti2ZnC MAX phase	Lab-made	-
		Chemicals Nb2AlC MAX phase	Source Lab-made	Remarks -
		Ti3AlC2 MAX phase Ta2AlC MAX phase	Carbon-Lab-made	400 mesh -
			Ukraine Ltd.	
		Lithium fluoride (LiF)	Fisher	98.5% purity
	Chapter III and IV	Hydrochloric acid (HCl)	Fisher	9 M
		Deionized water (H2O)	Lab-made	18
				megohm.cm
		Nitrogen (N2)	Lab-made	99% purity
		Copper chloride (CuCl2)	Aladdin	98% purity
		Zinc chloride (ZnCl2)	Aladdin	98% purity
		Cadmium chloride (CdCl2)	Aladdin	98% purity
	Chapter V			
		Ferrous chloride (FeCl2)	Aladdin	98% purity
		Cobalt chloride (CoCl2)	Aladdin	98% purity
		Nickel chloride (NiCl2)	Aladdin	98% purity

1. Research chemicals used for the preparations of MXenes

Table II - 2 .

 II2 Basic electrical components.

	Components	|Z|	ZRe	Zim	φ
	Resistor	R	R	0	0
	Capacitor	1/Cω	0	-1/Cω	π/2
	Inductor	Lω	0	Lω	-π/2

Table V - 1 .

 V1 XPS analysis of MS-Ti3C2Tx MXene after APS treatment.

	Region	BE(eV)	FWHM(eV)	Fraction	Assigned to
		454.5(460.5)	1.3(1.4)	35.5	Ti-C
	Ti 2p3/2(2p1/2)	456.0(461.8)	2.3(2.3)	31.6	Ti-C
		458.2(464.0)	2.2(2.3)	20.4	Ti-Cl
		459.7(464.9)	1.4(1.8)	12.5	Ti-O
	C 1s	281.1	0.8	8.9	Ti-C-Tx
		284.5	1.4	79.3	C-C
		286.2	1.2	6.3	C-O
		288.5	1.3	5.5	C=O
	O 1s	529.8	1.5	35.6	Ti-O
		531.0	1.6	58.4	Ti-C-Ox
		533.6	1.2	6.0	H2O
	Cl 2p3/2(2p1/2)	198.8(200.4)	1.0(0.9)	100	Ti-Cl

Table V - 2 .

 V2 TPD-MS analysis of HF-Ti3C2Tx and MS-Ti3C2Tx.

		H2O	H2O	-OH	-OH	CO	CO	CO2	CO2	O(total)
		μmol/g	wt.%	μmol/g	wt.%	μmol/g	wt.%	μmol/g	wt.%	wt.%
	HF-Ti3C2Tx	3600	6.5	3995	6.8	723	2.0	-	-	13.3
	MS-Ti3C2Tx	2950	5.3	-	-	308	0.9	934	4.1	8.2

Table V - 3 .

 V3 Average chemical composition (at.%) of Ti3SiC2, Ti3C2Cl2-Cu, and MS-Ti3C2Tx MXene from Finally, the composition of the MS-Ti3C2Tx MXene was given in Table V-4. The Cu residual content in the MS-Ti3C2 MXene was measured using ICP analysis. The ICP titration of Cu in MXene gave a Ti:Cu atomic ratio of 3:0.014 after APS washing. It once again shows that Cu removal was successfully achieved by APS washing. The C and O content was measured using CHNO combustion elemental analysis technique; they were obtained after complete combustion of the material. The Cl content was obtained using the oxygen flask combustion method. Elemental analysis (Table V-4) revealed an O-termination-group content of about 12 at.% together with about 14 at.% of Cl-termination-group content in the MS-Ti3C2Tx MXene, resulting in the following composition of Ti3C1.94Cl0.77O1.71 for the MS-Ti3C2Tx MXene.

	EDS analysis							
	EDS analysis	Ti	Si	C	O	Cl	Cu	S
	Ti3SiC2	52.2	17.7	20.8	6.6			
	Ti3C2-Cu	42.7	1.3	15.3	8.9	21.9	10.0	
	MS-Ti3C2Tx	42.8	1.0	18.4	19.8	16.5	0.9	0.6

Table V - 4 :

 V4 Composition of the MS-Ti3C2Tx MXene.

	Chapter V A general Lewis acidic etching route for preparing MXenes with enhanced electrochemical performance in
	non-aqueous electrolyte					
		Ti	C	O	Cl	Composition
	wt./%	64.2	10.4	12.2	13.6	
	mol/%	3	1.94	1.71	0.77	Ti3C1.94Cl0.77O1.71
				151		

Table V - 5 .

 V5 Redox potentials of the molten salts (V vs. Cl2/Cl -) at the temperature range of 400-900 o C.

	T	Al 3+	Zn 2+	In 3+	Ga 3+	Ge 4+	Si 4+	Sn 4+	Mn 2+	Fe 2+	Cu 2+	Co 2+	Ni 2+	Cd 2+	Ag +
	( o C)	/Al	/Zn	/In	/Ga	/Ge	/Si	/Sn	/Mn	/Fe	/Cu	/Co	/Ni	/Cd	/Ag
	400 -1.90 -1.64 -1.14 -1.35 -1.07 -1.48 -1.00 -1.97 -1.447 -0.61 -1.13 -1.05 -1.45 -0.92
	500 -1.88 -1.57 -1.12 -1.32 -1.04 -1.45 -0.97 -1.93 -1.444 -0.54 -1.06 -0.97 -1.39 -0.89
	600 -1.86 -1.50 -1.10 -1.30 -1.00 -1.41 -0.93 -1.88 -1.444 -0.48 -1.00 -0.90 -1.32 -0.87
	700 -1.84 -1.44 -1.08 -1.27 -0.97 -1.38 -0.89 -1.84 -1.445 -0.43 -0.94 -0.82 -1.27 -0.84
	800 -1.82 -1.38 -1.05 -1.25 -0.94 -1.35 -0.86 -1.80 -1.445 -0.37 -0.89 -0.75 -1.21 -0.82
	900 -1.80 -1.32 -1.03 -1.22 -0.91 -1.31 -0.82 -1.76 -1.449 -0.32 -0.85 -0.68 -1.16 -0.79

Table V - 6 .

 V6 Gibbs Free Energy 𝐺 𝐿𝑅 of the reaction of different Lewis molten salts with A-site elements in theoretically predicted hard to be exfoliated, evidences the effectiveness of the Lewis acid molten salts route.20 

	MAX phases at 700°C.						
		Gibbs Free Energy of Lewis reaction (∆𝐺 𝐿𝑅 ) of different A-site
	Salts	elements (kJ mol -1 ) Al Zn	In	Ga	Si	Sn	Ge
	MnCl2	-0.9	77.6	221.4	164.5	178.2	366.2	335.2
	ZnCl2 -117.4	-	104.9	48.1	22.9	210.9	179.9
	CdCl2 -166.9	-33.1	55.3	-1.5	-43.2	144.8	113.8
	FeCl2	-246.6	-82.3	-24.5	-80.9	-147.4	41.2	9.3
	CoCl2 -263.1	-97.2	-40.9	-97.7	-171.4	16.5	-14.5
	CuCl2 -410.0	-195.1 -187.7 -244.6 -367.3	-179.4	-210.3
	NiCl2	-295.7	-118.9	-73.5	-130.3 -214.9	-26.9	-57.9
	AgCl	-290.5	-115.4	-68.3	-125.1 -208.0	-20.0	-51.0

  Table V-8. The capacitance of the MXene electrode at a scan rate of 0.5 mV s -1 is 205 mAh g -1 (264 F g -1 ) with the full potential window of 2.8 V. This value corresponds to 0.4 electrons transferred per Ti atom (considering 10 mAh g -1 coming from the acetylene black), previously reported values22,30 . As mentioned above, only -O and -Cl terminations are detected in MS-Ti3C2Tx MXene from the TPD-MS tests. Differently from -OH terminated MXene surface, Xie et al. reported from DFT calculations lower adsorption energy of Li onto -O terminated MXenes, resulting in stronger interaction between O and Li and improved Li capacity 27 .

	Chapter V A general Lewis acidic etching route for preparing MXenes with enhanced electrochemical performance in
	non-aqueous electrolyte
	much higher than
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 V8 Discharge capacity and capacitance values of a MS-Ti3C2Tx MXene electrode calculated from the anodic scan of the CVs (FigureV20a).

	Scan rate /	Capacitance	Capacity / C g -1	C-rate	Coulombic
	mV s -1	/ F g -1	(and mAh g -1 )		efficiency / %
	0.5	264	738 (205)	0.6	98
	1	240	672 (187)	1.3	98
	2	230	645 (179)	2.6	97
	5	205	576 (160)	6.4	98
	10	183	511 (142)	13	99
	20	159	445 (124)	26	100
	50	122	340 (94)	64	100
	100	97	271 (75)	128	100
	The high-rate performance of the MS-Ti3C2Tx MXene electrode is further confirmed by the
	galvanostatic test within the full potential range of 0.2 to 3 V vs. Li + /Li (Figure V-20a). Specifically,
	it can deliver 210 mAh g -1 within 1h and 80 mAh g -1 within 20 s (capacity retention of 38%). Those
	results suggest that MS-Ti3C2Tx MXene materials can serve as a high rate anode electrode for Li-
	ion storage. In addition, cycle stability was impressive with 90% capacity retention after 2,400
	cycles (Figure V-20b).				

  ). En dé terminant k1 et k2 à partir de l'é quation 2, la fraction du courant correspondant à k1v et k2v 1/2 à chaque potentiel peut ê tre calculé e.Les courants des processus de surface (zone ombré e en orange) et des processus globaux (zone ombré e en noir) sont calculé s à des vitesses de balayage allant de 2 à 100 mV s -1 , et les ré sultats obtenus pour des vitesses de balayage de 20 mV s -1 et 2 mV s -1 ont é té illustré s Figure2. Comme observé , les processus de surface contribuent à 67 % et 39 % de la charge totale à 20 mV s -1 et 2 mV s -1 , respectivement, tandis que les contributions des mé canismes opé rant dans le volume de l'électrode sont de 33 % et 61 %, respectivement. En milieu1M KOH, les mé canismes de surface et de volume contribuent à 68% et 32% de la charge totale, respectivement, à une vitesse de balayage de 20 mV s -1 . En ce qui concerne les faibles vitesses de balayage, la proportion de processus surfaciques est ré duite à 40% à 2 mV.s -1 , pour 60% de contribution volumique, confirmant ainsi la capacité de é levé e de l'é lectrode MXene dans l'é lectrolyte de 1M KOH. Dans l'é lectrolyte neutre de 0,5M K2SO4, les processus de surface sont majoritaires pour les vitesses de balayage de 20 et 2 mV s -1 , avec respectivement 89 % et 72 % de la charge totale. Ainsi, contrairement aux ré sultats obtenus avec les é lectrolytes acides et de balayage de potentiel é levé es Les CV calculé es pour le Ti3C2Tx MXene dans des é lectrolytes aqueux par la mé thode MUSCA pré sentent une forme similaire à celles des courbes expé rimentales, ce qui permet d'é tudier la ciné tique du mé canisme de stockage des charges. En utilisant l'approche de B. Dunn, les contributions des processus de surface et de volume à la charge totale dans l'é lectrode de MXene ont é té obtenues en dé terminant les constantes k1 (processus de surface) et k2 (processus de volume). Comme pré vu, les processus de surface rapides et non limité s par la diffusion dominent à une vitesse de balayage é levé e, tandis que les processus de volume limité s par la diffusion prennent le relais à faible vitesse de balayage. Dans les é lectrolytes acides et alcalins, une tendance similaire a é té observé e, alors que le processus de surface domine toute la gamme de vitesse de balayage dans l'é lectrolyte neutre. Il apparaî t que la nature de l'é lectrolyte affecte la capacité , la ciné tique é lectrochimique ainsi que le mé canisme de stockage de la charge.

	Des procé dures MUSCA similaires ont é galement é té ré alisé es pour caracté riser l'é lectrode
	Ti3C2Tx dans un é lectrolyte alcalin de KOH concentré à 1 M et un é lectrolyte neutre de K2SO4
	concentré à 0.5 M.

alcalins, les processus de surface dans l'é lectrolyte neutre dominent la ciné tique de l'é lectrode MXene quelle que soit la vitesse de balayage. Un tel ré sultat est cohé rent avec la signature capacitive des CV, ré vé lant que la majeure partie du courant provient de la contribution é lectrochimique de la double couche.

Conclusion

Une mé thode de chronoampé romé trie à plusieurs é tapes de potentiel (MUSCA) a é té proposé e pour calculer les CV des maté riaux de MXene à diffé rentes vitesses de balayage. La MUSCA permet de reconstituer les tracé s CV en minimisant l'effet des chutes ohmiques ré sultant de courants é levé s pour des vitesses

  de charge/dé charge, alors que le courant capacitif de la double couche ne peut ê tre né gligé . Les ré sultats suggè rent é galement un transfert rapide de protons à travers les molé cules d'eau confiné es entre les couches de MXene. Le rôle de la pré sence de terminaisons -OH dans le processus pseudo-capacitif redox a é té é tudié par des simulations de MD; les ré sultats ont confirmé les ré sultats expé rimentaux en montrant que le ré seau d'eau lié à l'hydrogè ne entre les feuillets de MXene joue un rôle clé dans la ré action redox du Ti3C2Tx dans l'é lectrolyte H2SO4.Nous avons utilisé diverses techniques de caracté risation, notamment la DRX, la TPD-MS, le MEB et le Raman, pour montrer que la nature 2D des MXenes et la composition du carbure de titane n'é taient pas affecté es par le traitement de recuit jusqu'à 600 °C en atmosphè re inerte, ce qui é tait en accord avec les é tudes pré cé dentes.22 Au lieu de cela, la teneur en groupes H2O et -OH pré -intercalé s peut ê tre modifié e, ce qui fait des Ti3C2Tx MXenes traité s thermiquement d'excellents candidats pour é tudier le rôle des groupes et terminaisons H2O et -OH sur les mé canismes de stockage de charge

	Ré sultats
	Dans le chapitre IV, nous avons combiné des analyses expé rimentales et des simulations de
	dynamique molé culaire (MD) pour é tudier plus en dé tail le mé canisme de stockage de charge de
	pseudo-capacité d'une é lectrode MXene Ti3C2Tx immergé e dans un é lectrolyte de H2SO4. Trois
	types d'é lectrodes à base de MXene ont é té testé s dans ce chapitre, à savoir le Ti3C2Tx MXene non
	modifié (noté P-MXene), le MXene recuit à 500 o C (noté 500-MXene) et 600 o C (noté 600-MXene),

via des ré actions de liaison/dé connexion ré versibles entre les ions hydronium et les groupes fonctionnels oxygè ne pendant le processus de ré duction/oxydation. Il a é galement é té suggé ré qu'un plus grand nombre de molé cules d'H2O intercalé es entre les feuillets intermé diaires de Ti3C2Tx permet à un plus grand nombre d'ions hydrogè ne d'avoir accè s à des sites actifs, entraî nant une capacité plus é levé e.
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La ré activité à l'interface Ti3C2O2/eau (en supposant que les groupes de terminaison Tx sont des -O) a é té é tudié e en utilisant des simulations de la dynamique molé culaire des premiers principes. Les ré sultats de la simulation ont suggé ré une oxydoré duction rapide en surface impliquant l'intercalation de protons et un processus de transfert rapide de protons via l'eau confiné e entre les feuillets de MXene, contribuant aux hautes performances des MXenes dans les é lectrolytes acides pour é tudier l'influence de la nature des groupements de surface. Nos ré sultats confirment la nature redox du mé canisme de stockage de la charge, impliquant un changement de valence du Ti pendant le processus dans un é lectrolyte acide. Nous avons donc choisi trois é chantillons, à savoir P-MXene, 500-MXene et 600-MXene, pour é tudier les mé canismes de stockage de charge pseudo-capacitifs du Ti3C2Tx

MXene dans les é lectrolytes acides. Les ré sultats ont montré que le P-MXene a des couches d'eau pré -intercalé es entre les feuillets de MXene et les terminaisons ne sont pas modifié es par rapport aux MXenes traité s thermiquement. Par contre, il n'y a pas de couche d'eau entre les feuillets de 500-MXene et de 600-MXene. De plus, l'é chantillon de 500-MXene contient encore moins de groupements -OH (environ ~5% de la teneur totale en -OH, calculé e à partir de l'inté gration du taux de dé sorption des -OH en fonction de la tempé rature), alors que les terminaisons-OH ont é té complè tement é liminé es dans le 600-MXene.

In this project, various MXenes are successfully prepared from different MAX phase precursors etching by various halide molten salts under the predictions of the Gibbs free energy and redox potentials. Figure V-10 shows a Gibbs Free Energy mapping prepared from redox potentials and thermodynamics data calculated above (Tables V-5 and V-6) to guide the selection of effective Lewis acids for MAX phases having different A elements. Based on this map, a series of MAX phases -specifically Ti2AlC, Ti3AlC2, Ti3AlCN, Nb2AlC, Ta2AlC, Ti2ZnC, and Ti3ZnC2 -was successfully exfoliated into corresponding MXenes (Ti3C2Tx, Ti3CNTx, Nb2CTx, Ta2CTx, Ti2CTx, Ti3C2Tx) using various chlorides molten salts (CdCl2, FeCl2, CoCl2, CuCl2, AgCl, NiCl2), as marked 

Various MXenes prepared from Lewis acid molten salts route

MAX Phases

As mentioned in Chapter I, it has been suggested that a b-value of 1 relates to the non-diffusion controlled (capacitive surface-like, for instance) process, while a b-value of 0.5 identifies a diffusion-controlled (bulk) process. [32][33] Figure V-24b shows the change of the peak current (i) versus scan rate plot in log scale from 0.5 to 100 mV s -1 . A linear relationship with a slope of 1 is observed in a scanning potential rate range from 0.5 to 20 mV s -1 , indicating charge storage kinetic is not limited but the lithium diffusion. The deviation from this linear at higher scan rates (>20 mV s -1 ) may be assigned to kinetics (restricted-diffusion) but more likely to ohmic limitations at high current density. 

À partir de ces calculs thermodynamiques, la gravure de l'é lé ment A de MAX peut ê tre ré alisé e en utilisant un acide de Lewis ayant un potentiel redox plus é levé . Sur la base de cette cartographie, une sé rie de phases MAX -en particulier Ti2AlC, Ti3AlC2, Ti3AlCN, Nb2AlC, Ta2AlC, Ti2ZnC, et Ti3ZnC2 -a é té exfolié e avec succè s en MXenes correspondants (Ti3C2Tx, Ti3CNTx, Nb2CTx, Ta2CTx, Ti2CTx, Ti3C2Tx) en utilisant divers sels fondus de chlorures (CdCl2, FeCl2, CoCl2, CuCl2, AgCl, NiCl2), comme indiqué en forme d'é toile (Figure 9).

Conclusions gé né rales

L'objectif principal de cette thè se é tait de synthé tiser et de caracté riser des maté riaux Ti3C2Tx

MXene 2D pour des applications de stockage d'é nergie é lectrochimique. Deux types de mé thodes de synthè se ont é té utilisé es pour pré parer les MXenes, à savoir la voie de gravure contenant du HF